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The ability for soil to restrict the transport of water from the topsoil to deeper subsoil 
horizons is not a new problem. There has been approximately 70 years of research 
investigating soil water repellency (SWR). However, the chemical/molecular 
mechanisms associated with this phenomenon remain poorly understood. The aim of 
the work presented in this thesis was to develop a better understanding of the role of 
organic matter in inducing SWR, and how the mineral component of soils affects the 
degree of repellency. In order to achieve these aims; laboratory experiments were 
coupled with computational simulations.  
As a prelude, common extraction methods were compared to identify the most suitable 
methodology for SWR studies. A comparison of Soxhlet, sonication and accelerated 
solvent extraction methods revealed that Soxhlet extraction is the most suitable method 
for removing the organic compounds associated with SWR.  
Solvent extraction of 20 soil samples revealed that four compound classes suspected 
of inducing SWR (long-chain saturated carboxylic acids, alkanes, alcohols and 
steroids) have a significant relationship with SWR (p < 0.05). Furthermore, in the field, 
the concentrations of these compound classes vary with season.   
Experiments involving the loading of individual organic compounds (hexadecanoic 
acid, hexadecanol, cholesterol, hexadecane, and a series of palmitate salts) onto 
mineral substrates revealed the efficacy of the different compounds for inducing SWR. 
Maximum SWR (> 4 M) as measured with the Molarity of Ethanol (MED) test, was 
induced on acid-washed quartz sand at a loading of 2.3 palmitic acid molecules per 
nm2. Molecular dynamics simulations (Materials Studio) revealed that the palmitic 
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acid molecules at this loading form two distinct layers on amorphous silica/quartz 
surfaces under neutral and dry conditions.  
Hydrogen-bonding was identified from the simulations as the dominant organo-
mineral interaction on amorphous silica sand and clay under neutral and dry 
conditions. In particular, palmitic acid was a hydrogen-bond donor to both sand and 
kaolinite surfaces. In comparison, the amorphous silica only acted as a H-bond 
acceptor, whereas kaolinite was both a H-bond donor and acceptor. Improved 
simulation models incorporated mineral surface charges, dissociation of the organic 
acid and solvation from water. In these more complex models hydrogen bond 
interactions were limited between the organic acid and amorphous silica (sand) due to 
deprotonation at neutral pH. Thus, cation-bridging was identified as the principal 
binding mechanism of the organic species to sand. In comparison, hydrogen-bonding 
continued to occur on kaolinite, with the mineral acting as the H-bond donor. 
Furthermore, the incorporation of surface charge effects to the molecular dynamics 
simulations led to significant differences in the orientation of the palmitate molecules 
on the two mineral surfaces.   
Prior to this work, SWR was considered to be caused by the perpendicular arrangement 
of non-polar organic tails of amphiphilic compounds. These tails were suspected of 
inhibiting the movement of water molecules due to the unfavourable organo-water 
interactions. Further, it was proposed that SWR is overcome by the inversion of the 
organic molecules, allowing for favourable interactions between the water and polar 
head-groups of the organic molecules. The work presented in this thesis suggests that 
a lateral arrangement of organic molecules is required to both cover more of the 
mineral surface and prevent the possibility of pathways through the organic bulk 
structure. In addition, inversion of the organic molecules is not necessary, but rather a 
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change in orientation from lateral to perpendicular is sufficient. This revised theory 
also accounts for the reestablishment of SWR during wetting and drying cycles.   
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Chapter 1: Introduction, 
Literature Review and Thesis Outline 
1.1 BACKGROUND 
Soil water repellency (SWR) is a global natural phenomenon that inhibits the 
movement of water through the soil profile, resulting in uneven wetting, increased run-
off and erosion (Harper et al., 2000). In Australia, the effects of SWR are particularly 
detrimental to farmers because of reduced seed germination, leading to lower crop 
yields (Harper et al., 2000). It is estimated that at least 2 million hectares of southern 
Australia are affected (Harper et al., 2000), although it may in fact be more than 5 
million hectares, resulting in production losses exceeding $100 million per annum 
(CSIRO, 2020). SWR can also affect natural ecosystems, particularly through 
increasing run—off and erosion after forest fires (Jiménez-Pinilla et al., 2016). 
1.2 CONTEXT 
Previous research indicates that organic compounds that occur in soil either as coatings 
on mineral grains (McGhie and Posner, 1980) or as interstitial particulate matter 
(Franco et al., 1995) are the principal cause of SWR, with the expression of SWR 
moderated by soil surface area (Blackwell, 1993; Crockford et al., 1991; DeBano, 
1991; Giovannini and Lucchesi, 1983). However, the complexity of both soil matrices 
and soil organic matter has made investigation of this phenomenon challenging and 
led to only broad relationships and speculation regarding the underlying mechanisms 
that cause SWR. Thus, while speculative theories have been proposed to explain 
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experimental data, less has been done in terms of designing experiments to test and 
justify the theory, especially at the molecular level. As a result, without an 
understanding of the fundamental causes and mechanisms of SWR, implementation of 
amelioration strategies can only be made through empirical approaches.   
1.3 LITERATURE REVIEW 
Soil water repellency refers to the degree to which a soil inhibits the infiltration of 
water, and results in water beading or pooling on the soil surface (Figure 1) (Doerr et 
al., 2000), with the consequence that water may not move from the topsoil through to 
deeper soil layers, or if it does it moves in an uneven manner. Common terms for 
describing soils with SWR include “non-wettable”, “non-wetting” or “hydrophobic”. 
Conversely, a soil which has a low degree of SWR may be termed wettable or 
hydrophilic. SWR is a global phenomenon, with reports of it affecting soils in 
Australia, Canada, Colombia, Egypt, India, Italy, Japan, Mali, New Zealand, Poland, 
Portugal, South Africa, Spain, The Netherlands and the USA (Jaramillo et al., 2000), 
and it can affect large areas of land. For example, the majority of cropland, grassland 
and nature reserve topsoils in The Netherlands are considered at least slightly 
hydrophobic (Dekker and Ritsema, 1994), and between two and five million hectares 
of southern Australia is considered water repellent (Harper et al., 2000). Thus, 
marginal levels of SWR can be considered a typical soil property rather than an 
exception (Goebel et al., 2011). Furthermore, the persistence of SWR can last up to 
many weeks (Doerr et al., 2000). SWR is problematic because it can cause a number 




Figure 1: Water beading on hydrophobic surfaces at a macro-scale (left) (Doerr et al., 
2000) and micro-scale (right) (Goebel et al., 2011). 
 
The loss of water penetration in non-wettable soils can cause soil related systems to 
behave differently both spatially and temporally. For example, variable water 
infiltration rates across a field can lead to sporadic or uneven wetting patterns (Dekker 
and Ritsema, 1994), resulting in preferential flow paths or fingered flow (Ritsema and 
Dekker, 1994). This can lead to seed germination becoming heterogeneous in repellent 
soils, causing disruption or destruction of plant emergence, which can result in yield 
loss (King, 1981). Heterogeneous germination also occurs with weed seeds, making 
weed management more difficult (Harper et al., 2000). Fingered flow can also result 
in the rapid movement of contaminants from the soil surface to ground water (Ritsema 
and Dekker, 1994). 
Severely repellent soils, capable of preventing the infiltration of water for extended 
periods, will also enhance surface runoff and thus erosion (Dekker and Ritsema, 1994), 
through infiltration excess overland flow. The availability of nutrients is also affected, 
due to SWR altering the movement of water, with the abundance of nutrients varying 
throughout the affected area (Kajiura et al., 2012) and areas of dry soil making 
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nutrients unavailable to plant roots. Nevertheless, greater SWR may benefit aggregate 
stability and carbon sequestration in soils (Diehl, 2013). However, it is likely that these 
benefits to soil health, caused by SWR, are of less importance than the detrimental 
effects, particularly with regards to agricultural crop yields. Furthermore, these 
problems are expected to worsen with projected climate change, given the increasing 
temperature and decreasing rainfall, making the development of solutions increasingly 
necessary (Goebel et al., 2011). However, identifying solutions for combating SWR 
has proven complicated because of the wide distribution of affected soils and the large 
differences in the properties of those soils. This limits the ability to make comparisons 
between studies and develop broadly effective management strategies. 
SWR has been observed in soils with quite different mineralogy, texture, and 
vegetation. For example, some reported soils with severe SWR include dry peat and 
muck soils (van't Woudt, 1959), soils of citrus tree plantations (Wander, 1949), and 
sandy soils from the Swan Coastal Plain of Western Australia (Roberts and Carbon, 
1972). Studies found soils beneath phalaris (Bond, 1962), clover (Bond, 1969), and 
Utah juniper (Scholl, 1971) were severely hydrophobic, while soils beneath cereals, 
such as wheat, oats and barley, were wettable (McGhie and Posner, 1981). Doerr et. 
al. (1996) reported severe and extreme SWR levels from soils collected from beneath 
pine and eucalyptus trees, respectively. Soil wettability has been reported to increase 
during crop cycles, compared to pasture cycles, in crop/pasture rotation farming 
(McGhie and Posner, 1981).  
The cause of SWR is considered to be associated with organic compounds in the soil. 
One observation that led to the linkage between organic compounds and SWR was the 
discrepancy in SWR between soils collected from beneath different vegetation. For 
example, soils collected from beneath vegetation with high oil content (coniferous 
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trees and New Zealand shrubs) have been reported to have greater degrees of SWR 
than soils collected from under low oil content vegetation such as some grasses (van't 
Woudt, 1959). Extensions of this observation have included extractions of compounds 
from water repellent soils, followed by SWR analysis to deduce whether or not the 
removal of the extracted organic compounds render the soil wettable. Alternatively, 
experimentation has included the application of the extracts from a wettable soil to 
determine if these induce SWR. The latter was proven to be the case when ether, 
ethanol or methanol extracts of a non-wettable soil were applied to a dry wettable soil 
(van't Woudt, 1959). Applications of eucalyptus and pine litter extracts to wettable 
soils have also been found to induce SWR (Doerr et al., 1998). Statistical analyses 
have also been carried out to show that there is a significant relationship between SWR 
and type of vegetation (de Blas et al., 2010).  
Organic compounds may enter the soil from decomposition of plant litter (McGhie and 
Posner, 1980), while leaf drip may introduce water soluble organic compounds to the 
soil following watering. McGhie and Posner (1980) applied leaf litter to wettable 
sandy soil, and found that a certain proportion of leaf litter induced SWR. Furthermore, 
leaf litter with smaller particle sizes was able to induce greater amounts of SWR due 
to better surface coverage (McGhie and Posner, 1980). By comparison, leaf drip did 
not induce SWR (McGhie and Posner, 1980). For roots, Doerr et. al. (1998) found that 
soil samples containing no live roots had smaller amounts of SWR than those with live 
roots. Biodegradation products of plant material have been reported to be responsible 
for inducing SWR (Franco et al., 1995; McGhie and Posner, 1980; McGhie and 
Posner, 1981; Roberts and Carbon, 1972; Roper, 2005). However, while it seems 
necessary for organic compounds to be present for the induction of SWR, these 
observations do not explain how organic compounds induce SWR.  
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Organic compounds may be present in soils as coatings on mineral grains (McGhie 
and Posner, 1980), or as particulate matter (Franco et al., 1995). Franco et. al. (1995) 
found that natural water repellent soils remained repellent following the removal of 
particulate organic matter via washing. This suggests that, unlike particulate matter, 
organic coatings are difficult to remove and are a major cause of SWR. Doerr et. al. 
(2000) are critical of this claim, noting hydrophobic soils have been reported with and 
without coatings, with the caveat that the observation of organic coatings can be 
difficult using scanning electron microscopy (SEM). However, Doerr et. al. (2000) 
concede that the formation of severe SWR requires organic coatings. Bisdom et. al. 
(1993) also suggested that organic coatings do not necessarily cause SWR, observing 
a coating on only one out of 21 samples via electron microscopy. However, 
disregarding the effects of organic coatings on the basis of Bisdom et. al.’s findings 
may not be reasonable, given that the samples were repeatedly sieved, which may have 
removed any coatings initially present. Bisdom et. al. (1993) noted that SWR 
decreased following the removal of particulate organic matter in all samples except for 
the one sample which had an organic coating. In addition, when the organic coatings, 
in the one sample, were removed with hydrogen peroxide, it became wettable (Bisdom 
et al., 1993). Therefore, it is likely that both organic coatings and interstitial material 
are important for inducing SWR.  
Franco et. al. (1995) found that the application of extracts from organic particulate 
matter did induce SWR on sand when heated, suggesting that organic compounds can 
transition from the particulate matter onto the mineral grains. Furthermore, SWR was 
not induced by the addition of particulate matter to acid-washed sand, but did enhance 
SWR of artificially coated sands (Franco et al., 1995). Therefore, whether organic 
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mineral grain coatings already exist, or are newly formed following the heating of 
particulate matter, they are an important factor regarding SWR (Franco et al., 1995). 
However, while a number of studies have investigated the relationship between 
vegetation/sources of organic compounds and SWR, the link between how organic 
compounds induce SWR remains unknown (de Blas et al., 2010).  
1.3.1 Methods of SWR Analysis 
Determination of SWR is typically carried out by estimation of the surface tension of 
droplets of water applied to dried and sieved soil samples. Three commonly used 
droplet methods include contact angle determinations, water drop penetration times, 
and molarity of ethanol drop measurements.  
1.3.1.1 Contact Angle (CA) Measurements 
Early measurements to classify the degree of water repellency of soil samples observed 
the contact angle (CA) between water and the soil surface, at the solid-liquid interface. 
This method determines SWR on the basis of differences in the surface tensions of the 
water and soil surfaces. At CAs > 90°, the surface tension of the water is stronger than 
the soil-water interactions, preventing infiltration, and the soil is classified as water 
repellent (Figure 2) (van't Woudt, 1959). Conversely, at CAs < 90°, the stronger soil-
water interactions overcome the surface tension of water and the water is able to 
penetrate into the soil, deeming it wettable (Figure 2) (van't Woudt, 1959). Therefore, 
factors which have an influence on the surface tensions of either the soil or water will 
affect CA (i.e. either increasing the surface tension of the water, or decreasing the 




Figure 2: Diagram of water contact angles (αSW) from a hydrophobic interaction (left) 
to a hydrophilic interaction (right) on a mineral surface (Goebel et al., 2011).  
 
1.3.1.2 Water Drop Penetration Time (WDPT) 
Water Drop Penetration Time (WDPT) involves placing a drop of water onto the 
surface of a soil sample and timing how long it takes for the water drop to infiltrate. 
This method can take a long time if samples are highly hydrophobic, resulting in many 
studies limiting measurement times to 600 s (Doerr et al., 2000). This makes 
comparison of highly repellent soils difficult because repellency values for soils with 
WDPT values >600 s may have not been used (Doerr et al., 2000), but rather reported 
as “> 600 s”. While such data may be suitable for categorical analysis, continuous data 
are required for parametric analyses, such as correlation with other soil variables.  
WDPT measurements may also not be suitable for field-analysis, because time-
constraints may hinder data collection. Furthermore, the longer a water drop remains 
on the surface, the greater the chance that evaporation will occur, although samples 
can be covered to mitigate evaporation (Simkovic et al., 2008). Another disadvantage 
of the WDPT approach is that classification classes are not based on particular soil 
properties, but simply different periods of time (Doerr, 1998). This means studies can 
be difficult to compare if they have used different classification times (Doerr, 1998).  
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1.3.1.3 Molarity of an Ethanol Drop (MED) 
MED analysis involves adding drops of ethanol solutions of different concentration to 
the soil surface. This is based on the decrease in the surface tension of the solution 
with increasing ethanol concentration. The ethanol concentration is progressively 
increased until the drop penetrates the soil surface within a specific time period. This 
period of time varies, depending on the study, but is typically between three and ten 
seconds. Similar to the WDPT test, studies may present results as different categories 
of ethanol concentrations or as a continuous variable that can be correlated with other 
soil attributes (King, 1981).  
Unlike results from WDPT analysis, MED values relate to the surface tension 
properties of the soil (Doerr, 1998). However, given that ethanol can bind polar groups 
of fatty acids, with this disrupting the aliphatic tails, Graber et. al. (2009) propose that 
MED testing is a measure of either the number or strength of the organo-mineral 
interactions of the polar groups and the surface, rather than a thermodynamic value 
(Graber et al., 2009). 
1.3.1.4 Comparison of MED, WDPT and CA Results 
Doerr et. al. (2000) proposes that WDPT and MED values are determinations of 
different SWR attributes, which are not necessarily parallel measures, with WDPTs 
measuring persistence and MED a measure of severity. However, a number of studies 
have reported reasonable correlations between MED and WDPT measurements. King 
(1981) found that for CAs above 81°, MED and WDPT measurements had a strong 
linear correlation (r2 = 0.75 to 0.92) with CA, with increases of 0.2 M (MED) 
corresponding to an increase of approximately 1° (CA). Dekker and Ritsema (1994) 
found a broad trend of increased MED with increased WDPT, but exceptions were 
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observed. Badia et. al. (2013) reported reasonable agreement (r2 = 0.81) between MED 
and WDPT values at both very low and very high SWR classifications, relating 
wettable soil values (MED < 0.86 M = WDPT < 5 s) and severe SWR values (MED > 
4.1 M = WDPT 600 – 3600 s) of both methods. Similarly, Doerr (1998) reported a 
correlation of 0.73 between MED and WDPT values, with the relationship being 
especially strong at high SWR classification (MED: 6.2 M, and WDPT: > 5h), while 
being weaker at lower SWR classifications. Simkovic et. al. (2008) also reported a 
reasonable correlation (r2 = 0.70) between MED and WDPTs at high repellency values. 
Additionally, Harper and Gilkes (1994) reported a very strong logarithmic relationship 
between MED and WDPT values (r2 = 0.91).  
However, the findings of some studies suggest that MED analysis has some advantages 
over WDPT analysis. Firstly, Badia et. al. (2013) found that MED values showed 
lower variability between measurement replicates than WDPT measurements. 
Secondly, Doerr (1998) found that MED values of soil tested in the field corresponded 
closely with samples collected, dried and sieved in the laboratory. Thirdly, aside from 
the preparation of ethanol solutions, MED testing can be carried out relatively quickly 
(Doerr, 1998), and fourthly a greater dynamic range of SWR can be assessed with the 
MED test. As described above, the WDPT test is mostly limited to times of up to 600 
s, which in Harper and Gilkes’ (1994) study corresponded to the value obtained from 




1.3.1.5 Factors Which Affect Droplet Measurements 
CA, MED and WDPT measurements all utilize droplets of water or ethanol solutions 
to measure water repellency of an exposed soil surface. However, the handling of the 
droplets and the droplet properties themselves may affect SWR measurements. Firstly, 
van’t Woudt (1959) suggested that the impact of the droplet, onto the soil surface, may 
briefly reduce the surface tension of the water, which would decrease SWR. Similarly, 
Doerr (1998) suggested that drop height should not exceed half a centimetre, so as to 
minimise the kinetic energy of the drop impact. Thus, it may be possible that droplet 
measurements of SWR may be affected by differences in the release height of the 
droplet. However, the use of a low drop height does not necessarily reflect what might 
happen when field soils are exposed to rain.  
Secondly, van’t Woudt (1959) suggests that increasing the water temperature of the 
droplet would lower its viscosity and thus surface tension and, again, reduce SWR 
measurements. Thirdly, Diehl (2013) notes that drop volume can affect WDPT 
measurements, with drops smaller than the largest pore sizes not accurately reflecting 
the heterogeneity of the sample. None of these factors has been standardised between 
studies, thus making cross-study comparisons difficult.  
1.3.2  Soil Organic Matter (SOM) 
Soil organic matter (SOM) is the combination of organic compounds in the soil. SOM 
influences soil properties such as pH buffering, sorption of metals, contaminants and 
other compounds, aggregate stability, and water holding-capacity (Wershaw, 1993). 
SOM had traditionally been divided into humic substances and lipids, with humic 
substances further categorized into humic acids (HA), fulvic acids (FA) and humins 
(Albers et al., 2008; Wershaw, 1993). The FA fraction is water-soluble at all pH values, 
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while the HA fraction is only water-soluble in the neutral to alkaline pH range (Albers 
et al., 2008). However, the definitions and ‘humus’ related terminology have become 
less distinct over time due to new findings in wet chemistry approaches (Lehmann and 
Kleber, 2015). These findings include the properties of alkaline extracts, 
supramolecular arrangements of smaller molecules rather than single large molecular 
weight compounds, radiocarbon age is not a valid measure of decomposition, alkaline 
extracts can have low aromatic concentration,  and alkaline extracts are typically N-
rich (Lehmann and Kleber, 2015). Thus, Lehmann and Kleber argue that ‘humic 
theory’ should be altered, with alkaline treatments not accurately representing 
naturally occurring organic matter.  
Soil contains several compound fractions, including carbohydrates, proteins, lignin, 
and lipids. Carbohydrates comprise 5-20% of soil organic matter (Lowe, 1978), being 
predominately added through plant residues. Carbohydrates consist of saccharide units 
(C6H10O5). Cellulose is a major carbohydrate in soils as it is a primary component of 
plant cell walls. Lignin accounts for approximately 20% of plant litter input into soils 
(Thevenot et al., 2010). Lignin consists of a series of aromatic rings with alcohol and 
ether side-chain functionality (Thevenot et al., 2010). Lignin provides strength to plant 
fibre walls and biodegradation resistance of cellulose (Thevenot et al., 2010). Proteins 
are made up of amino acid units, providing soils with a nitrogen source, and may be 
present in soils as either intact or in some degree of transformation/degradation (Rillig 
et al., 2007). Soil lipids account for approximately 1-6% of organic material in soil 
and enter the soil via decomposition and exudation of plant and animal material 
(Warren, 2018). The lipid fraction typically includes extractable compounds such as 
alkanes, alcohols, carboxylic acids and steroids (Warren, 2018).            
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Some correlations between SOM and SWR have been identified and highlight the 
importance of organic compounds in inducing SWR (Harper et al., 2000). However, 
these correlations are often broad, and obscured by differences in soil surface area 
between soils. This can thus lead to over-simplifications, which disregard the 
complexity of soil organic matter and SWR.  
A number of studies have attempted to correlate the amount of organic carbon in soils 
(TOC or OC%) with its degree of SWR. For example, Roper et al. (2013) suggests 
there is a good relationship between TOC and SWR (r2 = 0.67). However, a correlation 
of 0.67 between TOC and SWR (MED) seems like the type of correlation one would 
expect when TOC is considered as effectively only a sum of the individual 
contributions of the values rather than as individual concentrations of different 
compounds present in the soil. Thus, this correlation may be relevant when samples 
collected from the same site are compared. However, comparisons to other sampling 
sites may be less relevant because the concentrations of different compound classes 
will differ.  
Furthermore, not all organic compounds in soil induce SWR equally, and this may be 
due to differences in soil physical properties. Harper and Gilkes (1994) proposed that 
a combination of clay, organic carbon and iron content accounts for 63% of the 
measured WDPTs, suggesting that both the degree of mineral surface and organic 
matter (or surface area/organic concentration ratio) is the primary factor affecting the 
induction of SWR. More recently, using a wider range of soils, Harper et. al. (2000) 
proposed that SWR is a function of total organic carbon (TOC) and clay content, 
removing iron content from the equation, but also speculated that TOC may be less 
important than the composition of compounds. The consideration of OC content as 
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individual compounds is important because it highlights that chemical factors, in 
addition to physical factors, affect SWR.  
By comparison, many studies have found no correlation between total organic carbon 
and SWR. For example, analysis of soil samples from Narrogin (wheatbelt region, SE 
of Perth, Western Australia), showed consistently high SWR from 0 cm to 15 cm 
depths, even though the carbon content was much smaller at lower depths (12.7 % at 
0-2.5 cm and 3.3% at 10-15 cm) (McGhie and Posner, 1980). Teramura (1980) found 
soils under older stands of chamise, bigberry manzanita, ashy silktassel and coastal 
sage scrub oak which had lower OC% (1.9 – 2.7%) were more water repellent than 
those collected from beneath younger stands which had higher OC% (2.6 – 3.6%). 
Dekker and Ritsema (1994) found no significant relationship between total organic 
content and WDPTs. Kajiura et. al. (2012) also report no correlation between total OC 
and SWR (r2 = 0.14), finding samples within a wide range of OC (0.27 – 3.95%) having 
MED values of 0, although clay content is not reported and likely variable. Additional 
studies have also reported similar findings. Graber et. al. (2006) found no relationship 
between OC content and WDPT, from a study of 286 sample pairs. Doerr et. al. (2005) 
also found no apparent relationship between OC content and SWR, observing no 
samples having both high contents of extracted OC and low WDPT values. Horne and 
McIntosh (2000) found no correlation between either OC or extracted lipid 
concentration and MED values. Thus, given results of this kind, it is likely that the 
composition of SOM, may make a contribution to SWR, in addition to that from total 
OC content (Dekker and Ritsema, 1994; Horne and McIntosh, 2000; Teramura, 1980). 




The complexity of soil organic matter, in terms of the relative abundance of different 
compounds, as well as variation in the size and polarity of specific compounds, has 
complicated soil research efforts because it is difficult to isolate the role of specific 
compounds in what is a  complex mixture, and identify how these compounds interact 
with the mineral components, water and other organic compounds.  
Thus, the majority of studies have investigated the effects of SOM on SWR by 
considering SOM as a single property. Only a limited number of studies have identified 
and examined the effects of specific organic compounds on SWR. These compounds 
have mostly been identified as long-chain saturated carboxylic acids and alcohols 
(Daniel et al., 2019; Mainwaring et al., 2013; Uddin et al., 2017). 
Therefore, the evidence available for what compounds and mechanisms cause SWR, 
is limited by how each study utilized SOM in its experimental design. For example, 
for the purpose of carrying out adsorption experiments, Gu et. al. (1995) separated 
samples of natural organic matter into hydrophobic and hydrophilic components on 
the basis of extraction solvent polarity, without actually characterizing the compounds 
in each extract. These types of broad classifications mean that further investigation is 
required to understand the specific contribution of different compounds to SWR.  
Considering the influence of SOM on SWR at both extremes, either as a single variable 
or as a mixture of a number of specific compounds, has both disadvantages and 
advantages. For example, the influence of SOM, in its entirety, may more accurately 
represent a natural soil system, but provides little information about the cause of SWR 
and allows only broad inferences to be made. For example, with such an approach only 
broad differences in factors such as plant species (Teramura, 1980), stand age 
(Teramura, 1980) or land-use can be attributed to the variation in SWR between 
sampling sites. However, the complexity of SOM makes it practically impossible to 
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examine SWR experimentally as a mixture of known components because the number 
of compounds in SOM is very large. Thus, for examining the effects of compounds 
inducing SWR, only single or binary mixtures have been used in experimental studies 
(Daniel et al., 2019; Mainwaring et al., 2013; Uddin et al., 2017). However, this may 
not accurately reflect the chemical arrangement of the organic components, or account 
for the large number of interactions that may occur in natural soil. Nevertheless, such 
an approach may provide a baseline for investigating the underlying mechanisms 
which cause SWR. Therefore, an understanding of the specific organic compounds or 
compound classes, and their interactions with the various minerals within the soil, will 
enhance existing relationships between large-scale factors (e.g. plant species or land-
use) and SWR in natural and agricultural systems.   
1.3.3  Influencing Factors 
Some of the factors which have been identified as having a significant role in 
influencing SWR are discussed in this section, but two key points must be highlighted: 
(i) the number of factors which affect the degree of SWR of individual soil samples is 
large and (ii) the co-dependence of many of the factors complicates experimental 
design and discussion, and is one of the primary weaknesses of many studies.  
For example, Badia et. al. (2013) compared the SWR of three samples collected from 
different locations, finding that a clay loam soil was more repellent than a loam soil. 
On the basis of mineral surface coverage alone, this result is surprising, given that the 
clay loam has greater clay content (greater total mineral surface area) than the loam 
soil. However, actual clay content values were not given in this study, and the clay 
loam soil was higher in organic material, lime content and aggregate stability. This 
highlights the difficulties in trying to make comparisons of SWR between natural soil 
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samples collected from different locations and/or at different times, as there will likely 
be differences in other factors that influence SWR. Therefore, it is unreasonable to 
make predictions based on individual properties, especially if the properties can be 
unpacked further into a series of smaller co-dependent variables, without 
understanding the extent of influence they have on SWR.  
A number of studies have attempted to simplify the problem of SWR by proposing 
correlations involving only a few variables, often ignoring the complexities of each 
variable. For example, Kajiura et. al. (2012) suggested that conformation of the organic 
components is not an important factor because treatment with hexane had little effect 
on SWR measurements. However, the complexity of SOM makes it difficult to use 
this as a definitive approach, given that a hexane extract would contain a very large 
number of different components which likely have varying degrees of influence on 
SWR.  
Thus, given that the OC-SWR relationship was already poor, ruling out conformational 
effects based on treatment with hexane is unjustified. Instead, in order to understand 
whether or not conformational changes affect SWR, SOM must be unpacked into 
compound classes. Differences in mineral composition need to also be considered, so 
that organo-mineral interactions can be examined. The results reported by Kajiura et. 
al. (2012) are not made on this basis and are further confused because the effects of 
other influencing factors are ignored. Furthermore, the samples were collected from 
different areas with different local vegetation, which had undergone varying degrees 
of fire-damage, contained different amounts of clay, and had been subjected to wet-
shaking prior to MED analyses. These discrepancies make it difficult to evaluate the 
accuracy of the proposed relationships. 
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1.3.3.1 Organic Compounds 
Roberts and Carbon (1972) proposed, on the basis of extraction with inorganic solvents 
(ionic solutions including NaOH and CaCl2, among others), that soil mineral grains 
have an organic coating which is primarily composed of humic substances. Further 
analysis found that the application of the humic fraction, opposed to the fulvic fraction, 
extracted from a repellent soil induced SWR on a wettable soil (Roberts and Carbon, 
1972). McGhie and Posner (1980) found that extraction with organic solvents, for the 
purpose of removing non-polar compounds, did not reduce SWR. Similar results were 
reported by Ma’shum et. al. (1988) who found that extraction of SWR inducing 
compounds increased with the polarity of the solvent, with a mixture of 
isopropanol/ammonia (7:3) rendering samples wettable. This conclusion was further 
repeated in more recent studies, finding that, while extraction with petroleum ether 
reduces SWR, the removal of humic substances is required to produce a wettable soil 
(Atanassova and Doerr, 2011). de Blas et. al. (2010) also found only small decreases 
in WDPT values following extraction of repellent soils using petroleum ether, while 
the soil became wettable following extraction with an alkaline solution. Thus, these 
findings suggest that the compounds responsible for inducing SWR are neither highly 
polar nor highly non-polar.  
Ignoring the limitations of some analytical techniques has also complicated 
conclusions on the basis of specific compound abundance. IR analysis carried out by 
Ma’shum et. al. (1988)  on extracts of repellent soils, found primarily C-H stretching, 
bending and rocking bands, while C=O bands were minor. Franco et. al. (1995) also 
reported the presence of aliphatic peaks in IR spectra of hydrophobic sand surfaces. 
Simkovic et. al. (2008) observed a shoulder band at 1635 cm-1, but mentioned that this 
could be associated with C=O, COO- or C=C vibrations because of band overlap. 
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These comparisons do not adequately take into account the fact that peak intensities in 
IR spectroscopy are not only dependant on concentration, but a number of other factors 
and it is therefore difficult to use semi-quantitatively in this manner.  
Similarly, 13C-NMR data reported by Ma’shum and Farmer (1985), was dominated by 
CH2 and CH3 signals, while carbonyl signals were significantly lower. Ma’shum and 
Farmer (1985) suggested that these results were either due to the number or carbonyl 
compounds in the soil being small, or alternatively, that the carbonyl and aliphatic 
groups are contained in the same compound (Ma'shum et al., 1988). However, 
relaxation of nuclei in solid state samples can depend significantly on the structure and 
environment of the material being analysed. 
The non-specific nature of infra-red spectroscopy (IR) and 13C-NMR is problematic 
and open to interpretation. For example, the lack of carbonyl signals shown in the IR 
and 13C-NMR data presented by Ma’shum et. al. (1988) could be interpreted such that 
alkyl compounds are the primary cause of SWR. This conclusion seems unlikely given 
that extraction studies have shown that non-polar solvents do not significantly reduce 
SWR. By comparison, GCMS data has revealed the presence of C16 to C32 long chain 
fatty acids (maxima at C16 and C22), constituting 1-18% of the total organic carbon of 
the sample (Ma'shum et al., 1988). Thus, while the GCMS data are restricted to the 
labile components of the soil extract, the alternative conclusion that both polar and 
non-polar groups are present in the same compound seems the most plausible. 
Furthermore, the GCMS data, reported by Ma’shum et. al. (1988) suggests that large 
concentrations of fatty acids are not necessary to cause SWR. 
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Several studies have applied the use of Soxhlet extraction and accelerated-solvent 
extraction methods to remove SWR inducing compounds from hydrophobic soils, 
allowing for further characterization. Horne and McIntosh (2000) identified alkanes 
(C23-C33), triglycerides and long-chain fatty acids as the primary components of soil 
extracts. Atanassova and Doerr (2011) identified long chain even-over-odd alcohols 
(C18-C30), carboxylic acids (C6-C26, C16 most abundant), alkanes (C17-C33), steroids, 
triterpenoids and various aromatic compounds. Morley et. al. (2005) identified five 
primary compound classes: (i) long-chain fatty acids (C16-C24), (ii) amines (C14-C24), 
(iii) aldehydes and ketones (C25-C29), (iv) alkanes (C25-C31), and (v) complex aromatic 
compounds. Llewellyn et. al. (2004) identified carboxylic acids, alkanes and amides 
as primary compounds, with other compounds detected in lower concentrations. 
Therefore, while carboxylic acids are consistently observed, there are some variations 
in the types and chain-lengths of the compounds identified. 
Identification of higher chain-length acids and alkanes by Atanassova and Doerr 
(2011), compared to Morley et. al. (2005) may be due to differences in extraction 
technique, with Atanassova and Doerr using accelerated-solvent extraction (20 min. 
duration) while Morley et. al. used Soxhlet extraction (24 h duration). Horne and 
McIntosh (2000), like Atanassova and Doerr (2011), identified longer chain length 
alkanes but carried out their extraction by Soxhlet. However, unlike Morley et. al. 
(2005), Horne and McIntosh (2000) used a heating period of 6 hours instead of 24 
hours, thus it could be speculated that 6 hours may have not been enough time to 
fragment the organic coatings to release the alkane chains. The observation of amides 
may be due to the reaction with the ammonia in the extraction solvent (Morley et al., 
2005), particularly in the studies which used longer extraction times because samples 
were exposed to extended periods of heating. For example, Llewellyn et. al. (2004) 
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also used Soxhlet extraction with isopropanol and ammonia, and identified amides as 
a primary component, and this may support the concept that amides are a by-product 
of Soxhlet extraction with ammonia. By contrast, amides are not observed as a primary 
group in studies with shorter extraction times. Morley et. al. (2005) mentions that 
alcohols, esters, alkenes and diols may also be present but they could not be 
characterized without chemical ionization MS. However, given that fatty acids are 
repeatedly reported as either components found in repellent soil samples, or found to 
cause SWR on acid-washed sand (AWS: wettable sand removed of organic 
components by acid digestion), they seem to be an important compound class 
regarding the induction of SWR.  
Graber et. al. (2009) found a two-fold increase in fatty acids (carboxylic acids with 
long saturated or unsaturated aliphatic chains) in repellent soils compared to wettable 
soils. van’t Woudt (1959) reported that the addition of palmitic acid (C16 saturated) or 
oleic acid (C18 cis-9 monounsaturated) induced SWR on AWS. However, Wander 
(1949) reports that the addition of an ether extract, supposedly containing carboxylic 
acids, did not induce SWR on a wettable soil. Nevertheless, Wander (1949) also 
reports that application of a combination of Mg2+ or Ca2+ ions with the ether extract 
did induce SWR on a wettable soil, and that a similar effect is observed when the 
experiment is repeated using stearic acid (C18 saturated) and Mg/CaOH2. In addition, 
the discrepancy between van’t Woudt and Wander may be due to differences in the 
applied loadings. Petridis et. al. (2014) reported contact angles below 90° when stearic 
acid, glucose and a mixture of both stearic acid and glucose were applied to Al2O3. 
Interestingly, Mainwaring et. al. (2013) found that the application of a long-chain 
alkane (C18) and/or a long-chain acid (C18, saturated) to AWS induced either no or only 
slight SWR respectively. These discrepancies highlight the complexity of SWR (i.e. 
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simply the presence of organic compounds alone in the soil are not responsible for 
causing SWR, whereas it is likely that the interactions and co-dependence of various 
factors are important in inducing SWR. In addition, the discrepancy between van’t 
Woudt (1959) and Wander (1949) may be due to differences in the applied loadings.  
Determining the concentration of specific organic compounds required to induce SWR 
is a complicated problem because it may be dependent on three conditions: physical, 
physicochemical and chemical factors. A number of studies have tackled this problem 
from the physical perspective of surface coverage. Doerr et. al. (2000) suggested that, 
while theoretically only a single monolayer should be sufficient to induce SWR, 
multiple layers may in fact be required, but the specific number of layers is unknown. 
However, experimental data suggests severe SWR requires a large number of organic 
layers. Ma’shum et al. (1988) report that SWR can only begin to occur at a minimum 
loading of one monolayer but the maximum degree of SWR is only reached at 16 times 
the loading necessary to achieve one monolayer. In agreement, Mainwaring et. al. 
(2013) reported concentrations equivalent to 16 and 211 monolayers of a long-chain 
acid (C18, saturated) were required to induce extreme SWR on AWS and a wettable 
natural soil, respectively. However, the results of the Mainwaring et. al. study may 
have been skewed by their use of chloroform as a solvent, which has been reported to 
affect SWR. Kajiura et. al. (2012) proposed that removal of the outermost layer is 
sufficient to return a repellent soil to wettable. This claim is made on the basis that the 
amount of OC removed via isopropanol/ammonia extraction is ~25% and not 100%, 
thus it speculated that the removed material is from the outer, most exposed, organic 
layer (Kajiura et al., 2012). However, both physicochemical and chemical factors are 
likely to have a role in inducing SWR. 
 
48  
A high concentration of organic compounds may induce more severe SWR than a 
lower concentration of organic compounds, but differences in adsorption between 
polar and non-polar, or greater or lower size/flexibility, will likely alter the 
concentrations required to induce SWR. For example, Lv et. al. (2016) report that 
carboxylic acids were more easily adsorbed to iron oxyhydroxides than alcohols. This 
may suggest that fewer carboxylic acid molecules, than alcohol molecules, would be 
required to induce the same degree of SWR. 
1.3.3.2 Solvent Effects 
Both polar and non-polar solvents, when applied to soils, have been shown to affect 
SWR measurements. It has been reported that contact angles, from the application for 
coatings of stearic acid on calcite, can be altered from hydrophilic (< 90°) to 
hydrophobic (> 90°) by pre-wetting the mineral with different solvents (Graber et al., 
2009). Chloroform has been reported to cause moderate SWR on previously extracted 
samples (Ma'shum and Farmer, 1985). By contrast, Franco et. al. (1995) found that the 
application of chloroform to severely hydrophobic soils tended to decrease SWR, 
whereas application to slightly hydrophobic soils typically increased SWR. Llewellyn 
et. al. (2004) reported that extraction with chloroform and tetrahydrofuran (THF) 
raised WDPT values of extracted soils. The use of hexane as a solvent has been 
reported to typically increase MED values (Kajiura et al., 2012). Alternatively, a 
highly polar solvent like water may cause molecular rearrangement of amphiphilic 
compounds to occur such that SWR is lowered (Kajiura et al., 2012). Atanassova and 
Doerr (2011) reported that a sample extracted with isopropanol, while removing a lot 
of organic material, increased the WDPT value. Furthermore, while extraction with 
isopropanol and ammonia has been reported as a successful solvent mixture for 
rendering hydrophobic soils completely wettable, subsequent extraction with just 
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ammonia has been reported to re-establish severe levels of SWR (Horne and McIntosh, 
2000). Therefore, given the commonplace use of isopropanol mixed with ammonia in 
soil extraction solvents, observations such as that of Atanassova and Doerr (2011) may 
suggest that this solvent is not optimal. Similarly, the use of chloroform as a 
reapplication solvent in studies, such as Doerr et. al. (2005) and Morley et. al. (2005) 
may confuse results given the effects of chloroform on SWR measurements.  
In all cases where extractions and reapplication of extracts are carried out to examine 
SWR, two important considerations must be made: (i) while extraction methods have 
been reported which render severely repellent soils wettable; these methods do not 
remove 100% of the organic compounds present in the soil, and (ii) the solvent itself 
interacts with the organo-mineral system. McGhie and Posner (1980) suggest that a 
polar solvent disperses the organic coatings on mineral grains, reducing SWR, while 
non-polar solvents disturb the original interactions between the mineral surface and 
organic coatings, and these original interactions are not re-established following 
solvent drying. Similarly, Ma’shum and Farmer (1985) suggest that solvents, such as 
chloroform, reorientate the compounds which were not extracted, such as to reduce 
organic-water interaction, and increase SWR. Therefore, application of the solvent 
itself, containing no extracted compounds, can induce SWR on previously extracted 
soil samples. However, Horne and McIntosh (2000) make a distinction between the 
degree of influence that the organic compounds and the solvent have on inducing 
SWR, proposing that the application of certain organic compounds is more important 
in inducing SWR than the effects caused by solvent used to dissolve and apply the 
compounds. This is likely true, but without taking into consideration (or the ability to 
isolate) the effects of the application solvent, the meaningfulness of SWR 
measurement data is questionable.  
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1.3.3.3 pH, Ionic Strength and Mineralogy 
The chemical compounds that constitute the soil mineral components (sand, silt and 
clay grains) include aluminosilicates (such as kaolinite and montmorillonite), silicates 
(quartz and amorphous silica) and metal oxides (various Al2O3, Fe2O3 and TiO2 
species) (Tschapek, 1983). Each type of mineral compound will have different surface 
charges and charge densities (depending on soil pH). For example, a kaolinite surface 
will have a slightly negative surface charge at > pH 3, but will not be entirely covered 
with negative surface sites until the pH is raised above 7 (Tschapek, 1983). By 
contrast, Fe2O3 and Al2O3 surfaces will be predominately positively charged below pH 
7 (typical soil pH). At the molecular level, these properties will either promote or 
hinder various interactions between different organic compounds and the mineral 
surfaces (organo-mineral interactions) (Schaumann and Thiele-Bruhn, 2011). 
Studies that have varied the pH of soil systems show that pH influences SWR. For 
example, increasing soil pH via the addition of lime or ammonia, through topdressing, 
has been reported to lower SWR (van't Woudt, 1959). Lucerne and Jarrah sap induce 
a greater degree of SWR at pH 3 than at pH 6 (Roberts and Carbon, 1972). In 
agreement, McGhie and Posner (1980) found that extraction of severely repellent soils 
containing leaf litter needed to be carried out at pH 10 to render them wettable, while 
repellency could be re-established when the pH was lowered to 3. By contrast, Diehl 
et. al. (2010) found that decreasing the pH caused WDPT values to increase or remain 
unchanged for all samples except those that exhibited maximum SWR at the initial 
(natural) pH of the soil. pH is a hugely important factor, within the concept of 
interaction mechanism alteration, because it affects surface charge, dissociation of 
acidic organic components, and interaction with free cations.  
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The pH required to generate a charged species will either be greater (for less acidic 
groups) or lower (for more acidic groups). For example, for carboxylic acids in soil, 
deprotonation will occur between pH 2 and 6, while hydroxyl groups require pH > 9 
to become charged (Kaiser et al., 2015). Shevchenko and Bailey (1998b) note that, at 
high pH, acidic compounds are likely to be negatively charged and will experience 
repulsive interactions with negatively charged mineral surfaces, which would reduce 
organo-mineral adsorption. These repulsive forces may result in decreased packing 
density and order, compared to unionized organic compounds (Diehl et al., 2010), 
which may allow water molecules to more easily disrupt the hydrophobic coating. 
However, this repulsive effect may be mitigated if the ionic strength of the system is 
sufficiently high (Shevchenko and Bailey, 1998b). Diehl (2013) notes that at high ionic 
strength, positive ions effectively block interaction between negatively charged 
functional groups. This may explain the observation from Graber et. al. (2009) of 
increasing SWR with increasing pH at high Ca2+ concentration.  
Diehl et. al. (2010) found that, for particular soils studies, maximum SWR was 
observed when soils contained minimal charged surface sites (at natural soil pH). Thus, 
an alternative to needing high ionic strength, to reduce repulsive forces between 
charged species, is for soils to have a pH equivalent to the point of zero charge of the 
primary mineral, as this will result in a lower density of charged surface sites. 
However, this would not necessarily prevent repulsive forces between the organic 
components, given that the point of zero charge of the primary mineral may not be the 
same as the pH required to protonate the majority of organic compounds. Thus, the 
dependence of the organo-mineral interaction on pH, concerns the contributions of 
both the mineral and organic components. 
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Atanassova and Doerr (2011) found that SWR could be removed from clay soils by an 
extraction with isopropanol, but this was not the case for sandy soils, suggesting that 
repellent quartz grains have less hydrophilic surfaces sites than clay minerals. Two 
differences, between quartz and clay minerals, are proposed to clarify why this is the 
case. Firstly, quartz has a smaller surface area per unit volume than clay minerals. 
Therefore, for a given concentration of organic compound, sand grains will have more 
surface area covered with organic material, or thicker layers, than on clay particles 
(Atanassova and Doerr, 2011). For this to be the case, it would have to be assumed 
that the amount of organic material on the clay and sand samples is the same. 
Furthermore, this second conclusion assumes that the clay minerals has an exposed 
surface layer of a metal oxide (Al-O-OH) which has a positive surface charge at typical 
soil pH. However, in an acidic soil (pH 3.6 – 4.5 in this study), protonation of the 
organic carboxylate groups allows for organo-mineral hydrogen-bonding to occur.  
1.3.3.4 Soil Moisture Content 
Dry soils are typically reported as being more water repellent than wet soils. The 
introduction of soil water, even at low levels, has been reported to reduce SWR in 
otherwise repellent soils (van't Woudt, 1959). King (1981) found that the degree of 
SWR fell quickly as soil moisture content increased from wilting point to field 
capacity. Field-moist samples of wettable soils (WDPT < 5s) have been reported to 
become repellent (WDPT 60s to 6h) after being dried at 25°C (Dekker et al., 1998). 
By contrast, Simkovic et. al. (2008) found negligible difference in WDPTs of field-
moist and dried samples. However, it would seem that Simkovic et al. (2008) only 
considered a shift in WDPT category (e.g. slightly to strongly repellent) as significant, 
 53 
whereas the actual differences in seconds without a category can be very large without 
causing a change in classification, especially within the highest classification 
(extremely repellent > 3600 s). 
Dekker and Ritsema (1994) identified a Critical soil moisture content level, above 
which soils were non-repellent. Given that laboratory measurements are typically 
performed on air- or oven-dried samples, the discrepancy in SWR caused by 
differences in soil moisture content may complicate the link between laboratory 
measurements and field testing because dried samples may not accurately reflect the 
moisture properties of field samples. This led Dekker and Ritsema (1994) to classify 
SWR properties of a sample as either Potential (dried sample) or Actual (field sample) 
SWR. However, field moisture content can differ at different times of the year and due 
to preferential flow paths, which means multiple measurements of Actual SWR are 
required (Dekker and Ritsema, 1994). Therefore, the highly specific nature of Actual 
repellency values may reduce its applicability for examining the causes of SWR on the 
basis of analytical sample comparison and baseline determination, even though it is a 
more accurate representation of SWR in specific natural soil systems.  
In 1959, van’t Woudt (1959) proposed that this discrepancy was caused by a 
rearrangement of the hydrophilic and hydrophobic components at the organo-mineral 
interface. This may occur because drying would alter the degree of arrangement of the 
hydrophobic tails of amphiphilic compounds towards the surface, depending on the 
drying temperature used (Kaiser et al., 2015). However, removal of water molecules 
from the soil may simply allow for the organic molecules to move closer to the mineral 
surface (Mainwaring et al., 2013). Kaiser et. al. (2015) expands on this mechanism, 
suggesting that during drying there is removal of water molecules, that may otherwise 
act as a barrier between the two groups, which increases the number of organo-mineral 
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interactions that can occur. This conclusion is supported by modelling calculations 
which found that Ca2+ cation bridges holding organic compounds together became 
stronger as water was removed from the system, and it is proposed that a similar result 
would occur for Ca2+ bridging interactions between organic compounds and clay 
minerals (Kaiser et al., 2015). Another proposed explanation is that higher soil water 
content allows for the transport of water-extractable organic matter which may 
otherwise induce SWR in dry soils (Kajiura et al., 2012). However, a study found that 
only minimal levels of SWR can be induced by water-extractable organic matter 
(Kajiura et al., 2012). This is to be expected given that the compounds that constitute 
water-extractable organic matter are likely to be very polar, and therefore, not inhibit 
the movement of water. 
1.3.3.5 Temperature 
Oven-drying samples may also affect SWR measurements and lead to discrepancies 
between laboratory and field data. Ma’shum and Farmer (1985) found that air-dried 
samples were less repellent than those which were oven-dried. Franco et. al. (1995) 
are in agreement with Ma’shum and Farmer (1985), finding MED values of soil sand 
fractions increased with soil drying temperature (air-dried to 105°C). Doerr et. al. 
(2005) reports a similar increase in WDPT with drying time. In comparison, Graber 
et. al. (2009) found that WDPTs decreased as drying temperature was increased from 
4 to 40 °C. Depending on the solvent used to apply extracts to AWS, Franco et. al. 
(2000) found that MED values either increased or decreased when samples were dried 
at 105 °C. Similarly, Horne and McIntosh (2000) reported no trend in MED values 
when samples were dried at either 70 or 105 °C compared to being air-dried. 
Furthermore, Dekker et. al. (1998) reported inconsistent changes in SWR following 
drying at 65 °C, compared to 25 °C, with WDPTs changing depending on soil 
 55 
collection site and depth. There is clearly a link between drying temperature and soil 
water content. Thus, an increase in drying temperature or duration is going to result in 
lower soil water content, and the SWR of the soil will be affected as such. However, 
given that not all temperature studies report consistent SWR trends, there are likely 
additional effects occurring as a result of changing temperature. 
One proposed cause is related to increased molecular mobility of organic compounds 
at increased temperatures, leading to more uniform surface coverage. For example, 
Franco et. al. (1995) suggested that minor increases in SWR, observed when raising 
drying temperature from 70 to 105°C, may be due to increased mobility of waxes from 
melting. This explanation is also suggested by Mainwaring et. al. (2013) who found 
that applying a long-chain acid (C18) to AWS caused slight SWR when dried at 20°C 
and extreme SWR when dried at 105°C, noting that melting may create a more uniform 
surface coverage. This same reason is suggested by Graber et. al. (2009) as a possible 
explanation for the opposite observation (decreased WDPTs with increasing 
temperature). However, an imaging study found greater surface coverage of sand, with 
organic matter, following a heat treatment for three days at 85°C, which may have 
been due to “melting” of waxes or transport of organic material from particulate matter 
to the sand surfaces (Goebel et al., 2011). Another study observed less patchy organic 
covering, coupled with a larger C:Si ratio, following sample heating at 85 °C, 
compared to 25 °C (Dekker et al., 1998).  
Doerr et. al. (2000) suggested that increased order of molecular packing may occur at 
higher temperatures, resulting in higher WDPT values. This may imply greater radial 
or upright density of organic compounds which would result in a thicker hydrophobic 
layer. However, if this is the case, it would be contradictory to the concept of increased 
surface coverage, because more ordered vertical stacking of organic compounds would 
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lower horizontal layering on the mineral surface. By comparison, Franco et. al. (1999) 
observed increased C:N ratio following oven-drying and proposes that oven-drying 
may lead to chemical reactions that alter the organic composition.  
Diehl et. al. (2010) found that air-drying samples (19-20 °C, 31% RH) gave 
inconsistent WDPT values, whereas drying at 105 °C gave more consistent results 
(Diehl et al., 2009), which suggests that there may be a trade-off in replicate variability 
for drying samples under ambient conditions. Doerr et. al. (2005) proposed the 
opposite effect, with drying at 105 °C giving inconsistent values. A proposed remedy 
to this problem is to dry samples at 20 °C and 31% RH for a period of four weeks 
minimum, as this provides enough time for the soil water content and distribution to 
become consistent across samples without causing the effects that may occur when 
soils are exposed to higher temperatures (Diehl et al., 2009). Unfortunately, this 
amount of time may not be convenient or suitable for some studies. Changes in SWR 
measurements are also reported for soils heated to higher temperatures, such as may 
occur during wildfires (Atanassova and Doerr, 2011; Teramura, 1980). 
While a pattern exists of increasing SWR with temperature, followed by elimination 
of SWR once a threshold temperature is reached, the actual temperature values 
reported vary. Teramura (1980) found that heating soils, with low degrees of SWR, 
between 260°C and 315°C for 10 minutes drastically increased their degree of SWR, 
while heating these soils above 427°C for 10 minutes caused them to become wettable. 
By comparison, Atanassova and Doerr (2011) noted that exposing soil to temperatures 
between 175 and 205 °C increases SWR, while exposure to temperatures between 270 
and 300 °C removes repellency. However, the information in the Atanassova and 
Doerr study is a little contradictory, noting that, on the basis of exploratory 
experiments, maximum levels of SWR were achieved by heating soils at 300 °C for 
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10 minutes, which is in agreement with Teramura. A further discrepancy is provided 
by Simkovic et. al. (2008), who found that heating at 225 °C for 5 hours removed the 
hydrophobic nature of Dystric Cambisol soils. These discrepancies could be caused by 
a number of factors, including differences in soil masses, exposure duration, initial soil 
water content, and whether or not plant litter was included in the sample.  
Atanassova and Doerr (2011) propose two explanations for increases in SWR at 175-
205°C: (i) labile organic components move from plant litter into the soil, where they 
condense onto mineral grains, and (ii) heat-induced chemical changes occur. 
Degradation is one of the chemical reactions that can occur, and the types of 
compounds that undergo chemical breakdown at different temperatures may explain 
the observation of initial increase in SWR, followed by decreasing SWR, with 
temperature. For instance, cellulose and lignin breakdown between 130-190°C, while 
decarboxylation of humic and fulvic acids begins at temperatures > 300°C (Atanassova 
and Doerr, 2011). Lignin and cellulose are the parent material of which humic and 
fulvic acids are derived. These compounds induce SWR because they contain polar 
components (e.g. carboxylate groups) which bind to mineral surfaces via electrostatic 
interactions, while the nonpolar components form a barrier to water. Thus, between 
130 and 190°C, SWR may increase because the number of compounds containing 
carboxylate groups also increases, thus increasing the number of compounds binding 
to the mineral surface and blocking the movement of water. At temperatures > 300 °C 
polar functionality is lost through decarboxylation, which would reduce the amount of 
electrostatic binding between polar organic compounds and the mineral surface and 
result in decreased SWR. Support for this concept is provided by Simkovic et. al. 
(2008) who observed a 32% reduction in IR peak intensity of the C=O band following 
heating. However, the accuracy of this reduction is questionable, given that the band 
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was only a shoulder for 6 of 10 unheated samples, whereas 9 of 10 heated samples 
showed a full C=O peak. Faria et. al. (2015) reports that lignin chain severing occurs 
between 300 and 400 °C (depending on the bond), which is considerably higher than 
that reported by Atanassova and Doerr. This discrepancy may be due to generalization 
of the degradation mechanisms which likely include many different processes. This 
may also be another reason for the different temperatures reported by Teramura, and 
Atanassova and Doerr (if the processes involved were not the same in both studies) for 
the increase and destruction of SWR. 
In addition to the destruction of organic material, Faria et. al. (2015) offer an 
alternative explanation for the reductions in SWR at high temperatures (> 260 °C), 
which is the release of thermally labile components. These thermally labile compounds 
in soil that can undergo chemical change as a result of the added heat energy include 
hydrophobic species such as fatty acids, cyclic compounds, and alcohols (Faria et al., 
2015). Simkovic et. al. (2008) reports a reduction in IR peak intensity of the C-H 
region (3020 – 2800 cm-1) after samples had been heated, suggesting that long-chain 
compounds (carboxylic acids, alkanes) had been fragmented into compounds with 
smaller chain lengths. However, the IR data provided by Simkovic et. al. (2008), in 
support of both the fragmentation and thermal release of organic compounds, is 
hindered by the fact that the soil itself was ground and analysed as a whole sample, 
rather than just the organic components. Thus, the silica caused band overlap 
(Simkovic et al., 2008), and sample grinding has been reported to remove organic 
coatings which may have reduced the IR signals (Franco et al., 1995).  
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1.3.3.6 Relative Humidity (RH) 
Dekker and Ritsema (1994) found WDPT values typically increased with relative 
humidity. The findings of Doerr et. al. (2002) are in agreement with Dekker and 
Ritsema, reporting larger WDPT values with increased RH, and including WDPT 
values twice as long at 98% RH than at 32% RH. However, Doerr et. al. (2002) reports 
that MED values did not behave the same way as WDPT values. They found no 
significant change in MED values occurred between 32 and 73 % RH but did increase 
significantly at 98% RH. Similar observations are reported by Graber et. al. (2009), 
who also found that fatty acid mobility, on the mineral surface, increased with 
decreasing relative humidity. This may be the result of greater hydrophobic 
interactions pushing organic molecules closer together to minimize disruption of the 
water hydrogen-bond network. Therefore, at higher RH the loss of fatty acid mobility 
may make it more difficult for water molecules to cause molecular rearrangement of 
these compounds, hindering the movement of water. Doerr et. al. (2002) proposes an 
alternative explanation, suggesting that the greater mobility of water vapour 
molecules, compared to liquid water, enables them to move through organic layers 
more easily, with the energy released during condensation onto the mineral surface 
forcing organic compounds into pore spaces and blocking water movement through 
the soil.  
1.3.3.7 Soil Disturbance 
Some degree of soil disturbance is inevitable during sampling, separation and mixing 
to homogenize soil samples. Variation in repeated SWR measurements, on the same 
sample, would be expected if sieving was not carried out, due to the heterogeneous 
nature of natural soil (King, 1981). However, soil disturbances introduced by these 
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techniques can also affect SWR measurements. McGhie and Posner (1980) suggest 
that destruction of organic mineral coatings may occur due to abrasion. For example, 
sieving, and other techniques used to homogenize soil samples have been reported to 
reduce SWR measurements (King, 1981). Graber et.al. (2006) proposes that soil 
disturbance may alter surface roughness, pore density and connectivity, and average 
out other soil properties which may have small scale differences in undisturbed field 
soil. However, the degree of abrasion caused by the soil homogenization methods in 
different studies has not been quantified and may be a source of discrepancy in SWR 
measurements between studies, with minor abrasion having less impact on removing 
organic coatings compared to more thorough abrasion.  
Roberts and Carbon (1972) found that only samples which had been crushed prior to 
Soxhlet extraction with ethanol/benzene became wettable. The use of an end-over-end 
shaker has been reported to remove SWR from the sandy fraction of a South Australian 
soil after 4 hours (Ma'shum and Farmer, 1985). Franco et. al. (1995) reported reduced 
IR signal of CH2 stretching bands when samples were ground, and suggest that sample 
dilution is the cause. However, Franco et. al. used an end-over-end shaker to 
homogenize samples and grinding typically increases IR peak intensity. Thus, in the 
study of Franco et. al., it seems more likely that existing organic coatings were 
removed, and the formation of new layers disturbed, during the shaking of the samples, 
which would lower IR peak intensity of aliphatic bands. Graber et. al. (2006) reported 
that only 100 out of 286 disturbed/undisturbed sample pairs had WDPT values which 
did not vary in repellency classification, with the other 186 differing by at least one 
classification class. This led Graber et. al. to propose that laboratory measurement of 
SWR does not accurately reflect field soil values.  
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By contrast, Badia et. al. (2013) found that sieving caused minimal changes in MED 
and WDPT measurements for three out of four samples, with MED values typically 
being greater, and WDPT values generally lower, for sieved samples at more severe 
SWR classifications. However, trying to make comparisons between these different 
observations, regarding the effects of soil abrasion on SWR measurements, are 
difficult because (i) the various degrees of soil abrasion are not quantified, and (ii) 
basing the degree of change, in SWR, on shifts in the arbitrary classifications of the 
measurement method provides little meaning to the result. For example, while Badia 
et. al. (2013) claimed that MED values of hand-sieved samples generally equate to 
those of undisturbed samples, a difference of 6.3% ethanol is reported between an 
undisturbed and sieved calcisol soil sample, but this difference was not large enough 
to cause a discrepancy in the MED classification used (very strongly – extremely 
hydrophobic). Given that MED classifications do not relate to a more quantifiable 
variable, it is impossible to know whether or not this difference is meaningful or not.   
1.3.3.8 Soil Depth 
SWR should be expected to decrease with soil depth, assuming greater accumulation 
of organic compounds in the upper soil layers from plant litter (Harper and Gilkes, 
1994). For example, Teramura (1980) found SWR varied with depth, with the repellent 
region ranging from 0-1.5 cm or 0-11.5 cm depending on the species of the 
surrounding vegetation. McGhie and Posner (1980) reported soils collected from 0 to 
15 cm depth (2.5 or 5 cm fractions) as having a high degree of SWR. Dekker and 
Ritsema reported a decrease in SWR with depth (MED: 3.85 M at 5-10 cm depth), but 
65% of soil samples collected between 45 and 50 cm still exhibited some degree of 
SWR (MED: 0.34 M). Morley et. al. (2005) found that SWR decreased with depth, 
measured from 0-10, 10-20, 20-30 and 30-40 cm fractions.  
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An investigation of topsoil (0-5 cm) by Badia et. al. (2013) found that, for a Rendzic 
Phaeozem soil, the fraction of topsoil below the first 2 cm was most repellent, while 
the SWR of a Hypercalcic Calcisol soil trended down with depth. A reduction in SWR 
in the uppermost layer of soil, exposed to air, is not surprising given that it will be 
affected by wind erosion (Harper and Gilkes, 1994), and abrasion from anything which 
may be moving across the surface. Furthermore, the use of soil depth as an indicator 
for SWR is hampered by the dependence of SWR on the mineral surface area/organic 
compound ratio, which itself is dependent on soil texture and abundance of inducing 
organic compounds. Soil clay content can also increase with depth, and as seen earlier 
clay content can influence the response to SWR. Particle size analysis however is often 
not presented in studies of SWR with depth. Thus, results of SWR as a function of 
depth are likely to be specific to the sample collection site, and not be applicable for 
comparison with other locations.  
1.3.3.9 Soil Texture 
Prior to 1980, most early studies of SWR had been limited to coarse textured soils (< 
5% clay) (McGhie and Posner, 1980). However, later studies have found fine-textured 
soils also exhibit SWR. For example, Californian soils with 11% clay content 
(Teramura, 1980), and Narrogin soils with 18 – 22 % clay have been reported to have 
high SWR (McGhie and Posner, 1980). The high degree of SWR of the Narrogin soils 
is dependent on the clays being aggregated (McGhie and Posner, 1980). This may be 
the result of the reduced surface area of aggregated soils requiring a smaller organic 
compound concentration for sufficient surface coverage. For instance, Wallis et. al. 
(1991) reported a MED value of 2.3 M for a highly aggregated clay soil. Furthermore, 
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McKissock et. al. (2002) reports that, on the basis of multivariate analysis, the ratio of 
fine (50 – 200 µm) and coarse (200 – 2000  µm) textured mineral material only 
accounts for 20% of the measured WDPT, with fine material lowering WDPT values 
and coarse material increasing WDPT values. The statistical analysis by McKissock 
et. al. (2002) implies that mineral components must be considered beyond particle 
size/surface area, and that additional factors may also attribute to SWR.  
McKissock et. al. (2002) found that kaolinite was more effective than smectite clays 
at lowering SWR, but on the basis of surface area, this is surprising because kaolinite 
has smaller surface area than smectite clay. Nevertheless, kaolinite is more dispersible 
than smectite clay, allowing it to form more consistent coatings on quartz grains, 
whereas smectite clay clumps together (McKissock et al., 2002). However, the 
additions of clay carried out in the McKissock et. al. study was done by %weight, but 
the clay samples have different surface areas, and therefore, an addition of 1.6% 
kaolinite will not add an equivalent amount of surface area as the addition of 1.6% 
smectite. Thus, given the influence of surface area coverage on SWR, it is difficult to 
quantify the contributions of surface area and dispersibility on reducing WDPT values. 
Furthermore, it is likely that the classification of soil texture on the basis of particle 
size (i.e. composition of sand, silt and clay) is too simplistic to adequately explain 
changes in SWR. For example, in addition to increasing the surface area required to 
be covered by organics, and dispersibility properties of clay, the concentration of free 
cations (McKissock et al., 2002), surface charge and charge site density of the system 
will also change with the addition of clay, and depend on the clay mineralogy. 
Therefore, while particle size is an important consideration with regards to physical 
factors such as surface area coverage, it is not the only contributing factor to SWR. 
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Thus, particle size data likely needs to be coupled with mineralogy to enable effects of 
both physical and chemical properties on SWR to be identified.  
1.3.4 Organo-Mineral Interactions 
Given the influence of organic coatings on soil mineral grains with regards to SWR, 
investigating the organo-mineral interactions may highlight the underlying 
mechanisms that cause SWR. For example, being able to identify which interactions 
are favourable, and thereby, how strongly various organic compounds bind to the 
mineral surface, may enable solutions to be developed which weaken these 
interactions. Alternatively, understanding the likelihood of water to dissolve (or cause 
molecular rearrangement) of the organic compounds, may provide information for 
how to strengthen these interactions. In natural soils, especially those that are water 
repellent, additional interactions will also occur, including organic-organic 
interactions, and in the presence of water or another solvent (as during extraction 
experiments) there will be organic- and mineral-solvent interactions. The presence of 
free cations will further complicate the system with solvent-, organic- and mineral-
cation interactions. Furthermore, while a particular interaction type may dominate, 
multiple interaction types will occur (Schaumann and Thiele-Bruhn, 2011), especially 
when van der Waals forces are considered. Furthermore, it is typical for organic 
compounds to maximise contact with the mineral surface (Shevchenko and Bailey, 
1998a). Thus, the types of interaction that are binding the various organic groups to 
the mineral surface are likely to vary because of differences in functionality. In 
addition, surface roughness or disorder may provide a physical constraint in some 
situations. For example, Schaumann and Thiele-Bruhn (2011) mentioned that large 
voids exist between silica and organic matter that can anchor molecules, which may 
be due to the amorphous structure of silica. Thus, while an understanding of organo-
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mineral interactions is useful, an investigation of SWR in natural soils may require a 
more comprehensive examination of the molecular interactions. A number of the most 
studied organo-mineral interactions are outlined below.  
1.3.4.1 Hydrogen-Bonding 
Given that hydroxyl groups are present on most mineral surfaces, and the consensus 
that carboxylic acids are a primary contributor to SWR, hydrogen-bonding is an 
obvious organo-mineral interaction to examine. Molecular dynamics simulations have 
revealed average bond distances of 2Å between the oxygen surfaces of muscovite 
(potassium and aluminium silicate) and various O-aromatic and O-cyclic polymers, 
which infers that H-bonding is occurring (Shevchenko and Bailey, 1998b). Aquino et. 
al. (2011) notes that O…O distances < 3.5 Å and O…O-H angles < 30° are characteristic 
of hydrogen-bonding. However, while hydrogen-bonding is likely to occur, reports of 
its contribution to binding energies are variable. A molecular dynamics study found 
that, for binding between humic substances and mineral surfaces, hydrogen-bonding 
was secondary to cation-bridging (Schaumann and Thiele-Bruhn, 2011). Hydrogen-
bonding has been reported to occur between alcohol and carboxylate groups of organic 
matter with a smectite clay in a low ionic strength and protonated system, but did not 
occur in a Ca2+ saturated system (Sutton and Sposito, 2006). 
Hydrogen-bonding may also occur between organic groups. However, Piccolo et. al. 
(1996a) found that the addition of dipolar aprotic solvents to humic mixtures (to 
interfere with hydrogen-bonding) did not reduce the molecular weight of the 
compounds (via fragmentation of the organic macro/supra-molecules), suggesting that 
hydrogen-bonding is not the dominant organic-organic interaction. Molecular 
dynamics studies have also suggested that H-bonding can occur between organic 
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molecules, providing a form of cross-linking (Schaumann and Thiele-Bruhn, 2011). 
Conversely, Ma’shum et al. (1988) notes that the use of aprotic solvents may enhance 
hydrogen-bonding. This may be due to already existing organo-organo or organo-
mineral hydrogen-bonding interactions not being weakened by competitive hydrogen-
bonding interactions introduced by the presence of a protic solvent.  
1.3.4.2 Electrostatic and Ligand-Exchange Interactions 
The presence of charged organic species such as carboxylate groups opens up the 
possibility of ligand-exchange interactions occurring with protonated mineral surfaces. 
Interactions involving metal oxides are reported by Lv et. al. (2016), who found that 
dissolved organic matter will favour adsorption to less crystalline iron oxyhydroxides, 
than those more crystalline, via the surface hydroxyl groups. Evanko and Dzombak 
(1999) also found this to be the case when simple carboxylic acids where applied to 
goethite (FeOOH). These competitive interactions, also reportedly involving aromatic 
and amino groups, can preferentially displace existing weaker interactions (Gu et al., 
1995). At pH 4, Mikutta et. al. (2007) reported, on the basis of adsorption experiments, 
that ligand-exchange accounted for ~92% of the organo-mineral interaction involving 
goethite (FeOOH). Additional evidence of these interactions includes a number of 
adsorption, FTIR and NMR experiments which indicate that the interaction between 
natural organic matter and iron oxide surfaces produces an increase in pH of the system 
due to the release of hydroxyl groups (Gu et al., 1995). However, this observation was 
not made when aluminium oxide was used (Gu et al., 1995).  
Ligand-exchange is not limited to metal oxides. Similar observations involving 
increased pH has been observed when humic and fulvic acids were adsorbed to 
smectite clays (Greathouse et al., 2014). Atanassova and Doerr (2011) propose that 
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small polar organic compounds, which are important for stabilizing organo-mineral 
interactions, bind to mineral surfaces through ligand-exchange, and their removal is 
what renders a repellent soil wettable. A similar conclusion is suggested by Graber et. 
al. (2009) for the binding of fatty acids to quartz, with the exception that an iron oxide 
coating is necessary to mitigate the negatively charged surface of quartz. Thus, while 
ligand-exchange may occur between amphiphilic compounds and clays or sand 
minerals, the presence of metal oxides seems to be required for it to be a dominant 
interaction. Furthermore, variation in charge conditions will affect the degree of 
ligand-exchange that can occur. 
The pH of the system will influence both the type and number of polar sites on the 
mineral surface and the organic compounds. For example, ligand-exchange typically 
involves acidic functional groups. Therefore, the lower the pH the less likely these 
acidic groups are to be charged. Additionally, the oxide surfaces become more 
positively charged at lower pH (< pH 8), which will lower organo-mineral attraction 
(Gu et al., 1995). By contrast, Evanko and Dzombak (1999) found adsorption of 
aromatic acids was initially high on FeOOH at low pH but decreased as pH was 
increased. However, Gu et. al. (1995) also suggested that the presence of protonated, 
opposed to charged, mineral surface sites is likely to increase ligand-exchange. 
Therefore, the polarity/charge of the organic components may be more important in 
the ligand-exchange interaction than that of the mineral surface. However, this 
conclusion seems less appropriate when considering other mineral species, where 
surface charge may be more strongly affected by shifts in the region of typical soil pH.  
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1.3.4.3 Cation-Bridging 
The presence of free metal cations in soils may enable cation-bridging to occur 
between negatively charged species. An early investigation into soil organic coatings 
proposed that cations balance negatively charged carboxylate groups, but that the 
mechanism is not understood (van't Woudt, 1959). A molecular dynamics study 
proposed that the high stability of organic coatings on mica (aluminosilicate) surfaces 
is due to cation-bridging (Schaumann and Thiele-Bruhn, 2011). Another molecular 
dynamics study, involving an aluminosilicate and various polar polymers, found that 
the addition of cations vastly raised organo-mineral interaction energies, with 
interaction strength increasing with cation valency (Shevchenko and Bailey, 1998b). 
This result is also reported by Schaumann and Thiele-Bruhn (2011), but applied to 
organic-organic binding, finding that Ca2+ ions, forming inner-sphere complexes with 
carboxylate groups, caused the greatest binding energy, compared to Mg2+ and Na+ 
ions. Furthermore, divalent cations have been reported as a binding mechanism 
bridging negatively charged quartz and ionized fatty acids (Graber et al., 2009).  
Discrepancies have been reported involving the contributions of divalent cations to the 
adsorption of organic material on different iron oxide minerals. Sorption experiments 
involving three iron oxide minerals (goethite, pyrophyllite and vermiculite) found 
greater adsorption of organic matter occurred on pyrophyllite and vermiculite when 
CaCl2 was present (pH 4) (Mikutta et al., 2007). For goethite, at pH 4, no significant 
difference in absorption was reported following the addition of Ca2+ ions (Mikutta et 
al., 2007). The discrepancy between the iron oxides is due to differences in surface 
charge, with pyrophillite and vermiculite having negative surface charge at pH 4, 
whereas goethite has positive surface charge, and therefore positive ions are not 
needed to bridge polar/negatively charged organic groups to goethite (Mikutta et al., 
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2007). As a result, Ca2+ bridging accounted for ~78% of the organo-mineral 
interactions when vermiculite was involved, whereas no Ca2+ bridging was observed 
between organic material and goethite (Mikutta et al., 2007). Similarly, Sutton and 
Sposito (2006) found that cation-bridging was only dominant in deprotonated systems. 
Thus, the importance of investigating cation-bridging for preventing repulsion 
between organic anions and oxygen rich surfaces may provide insight into the removal 
of these interactions in SWR.  
If cations are leached or the pH of the soil is raised in a low-cation-content soil, SWR 
could possibly be lowered by the reduction of organic-mineral binding. Franco et. al. 
(1999) suggested that the binding strength of cation-bridging involving carboxylate 
groups is increasingly weakened when water is present in increased concentration. 
Given that moist soils are typically less water repellent that dry soils, this interaction 
between water and free cations may be important in the removal of SWR. Although, 
this may not be the case if other interactions are able to maintain the contact between 
organic components and the mineral surface. However, a molecular dynamics study 
found that small non-polar compounds, like benzene, do not bind strongly to mineral 
surfaces, and instead move unhindered on the surface (Shevchenko and Bailey, 1998a). 
By comparison, the same study found that ionized organic compounds can bind 
strongly via cation-bridging (Shevchenko and Bailey, 1998a). Thus, it is speculated 
that the presence of free cations, notably divalent cations, are important for the 
formation of hydrophobic barriers via organic coatings.  
1.3.4.4 Water-Bridging 
A molecular modelling study found that a single layer of water on the mineral surface 
prevented organo-mineral interaction due to the degree of separation between the 
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mineral surface and organic molecules being too great for sufficient binding. This 
suggests that water bridging cannot occur between organic molecules and the mineral 
surface (Shevchenko and Bailey, 1998b). Experimental results, involving iron 
oxyhydroxides, found that surface hydroxyl occupation by polar organic compounds 
was much greater on non-hydrated minerals, while adsorption of aromatic components 
was lower (Lv et al., 2016). This may indicate that electrostatic organo-mineral 
interactions are hampered by the presence of water, while hydrophobic interactions are 
enhanced. However, another computer modelling study suggests that indirect 
hydrogen-bonding can occur via water-bridges (Sutton and Sposito, 2006), and water 
bridging has been reported to occur between organic molecules with polar 
functionality. For example, Schaumann and Thiele-Bruhn (2011) found that water-
bridging occurs between humic substances, and that water-bridging is a stronger 
binding interaction that hydrogen-bonding in this regard.  
1.3.4.5 Hydrophobic Interactions, van der Waals and Covalent Bonding 
Hydrophobic interactions involve bringing non-polar organic components closer 
together in the presence of water. This occurs because non-polar groups cannot form 
hydrogen-bonds with water, which results in water forming a cage around these groups 
(Sutton and Sposito, 2006). To reduce the energy requirement of forming these cages, 
the surface area needed to be covered by water molecules is lowered by pushing the 
non-polar groups closer together (Sutton and Sposito, 2006). Reports of the relative 
dominance of hydrophobic interactions depend on the types of minerals and organic 
compounds being investigated. Lv et. al. (2016) suggests that aliphatic components 
may be adsorbed to goethite by hydrophobic binding, but that ligand-exchange is the 
dominant interaction involving amphiphilic compounds. Hydrophobic interactions 
have been reported to cause strong adsorption of organic compounds onto smectite 
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clays (Sutton and Sposito, 2006). Computer simulations involving montmorillonite (an 
aluminosilicate) and a large molecular weight organic molecule (C447H421O272N15S2) 
to model natural organic matter, revealed that hydrophobic interactions were present 
when the organo-mineral system was protonated, but did not occur in the 
deprotonated/high ionic strength system (Sutton and Sposito (2006). Thus, other 
organo-mineral interactions are favoured when carboxylate groups are present (Sutton 
and Sposito, 2006). In computer simulations where water has not been included, it is 
suggested that organic molecules maximize contact to the mineral surface, and 
therefore are better positioned to undergo hydrophobic interaction when water is 
introduced (Sutton and Sposito, 2006). However, the greater surface coverage under 
dry conditions is likely due to disordered semi-parallel layering of the organic 
compounds, which would seem to have lower packing efficiency than vertically 
stacked molecules, and therefore, be less optimized for hydrophobic interactions.   
Van der Waals interactions always exist between molecules but their relative 
contribution to organo-mineral binding is typically subordinate to electrostatic 
interactions, if polar groups are present. However, van der Waals interactions are likely 
to dominate organo-mineral interactions involving non-polar organic components. 
Mikutta et. al. (2007) mentioned that van der Waals forces are particularly important 
in low pH and high ionic strength environments due to the relative decrease in 
electrostatic interaction strength. Surface charge also plays a role in how dominant van 
der Waals interaction will be. For example, at pH 4, Mikutta et al. (2007) found that 
van der Waals only accounted for ~7% of the organo-mineral interactions involving 
goethite (positively charged), but it accounted for ~50% when pyrophillite was 
involved (negatively charged). Covalent bonding is typically not associated with 
organo-mineral interactions. Ma’shum et. al. (1988) suggested that organic 
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compounds are not covalently bonded to the sand grains. Kirkpatrick et. al. (2015) 
found hydrogen-bonding and van der Waals, rather than covalent bonding are the 
primary interactions involved during molecular dynamics simulations of natural 
organic matter and clays. 
1.3.4.6 Implications of Molecular Interactions on SWR 
Water drop penetration tests show that water droplets eventually infiltrate into even 
severely repellent soils. This suggests that rearrangement of the organic molecules, or 
a change in the interaction mechanisms, is occurring to allow the water molecules to 
move into the soil. Dekker and Ritsema (1994) suggest that, for hydrophobic soils, the 
contact angle must fall below 90° when water finally penetrates into the soil due to an 
alteration of the mineral-water interaction caused by a decrease in the water surface 
tension. Although Dekker and Ritsema may have implied the occurrence of water-
organic interactions as a result of a decreasing water surface tension, given the 
significant influence of organic compounds on SWR, it would seem more likely that 
an alteration of the mineral-, organic- and water-organic interactions, opposed to 
mineral-water interactions, are more instrumental in allowing the movement of water 
molecules. In either case, a rearrangement of the organic molecules, in order to 
facilitate the movement of water, will involve a change in the interaction mechanisms, 
which itself will have associated activation energies and rate requirements (Goebel et 
al., 2011). Differences in activation energies and kinetics between adsorption and 
desorption of organic compounds may be an explanation for the formation of severely 
water repellent soils, with desorption being a slower and more difficult process than 
adsorption (Mikutta et al., 2007). However, definitive conclusions involving the 
mechanism, by which the different interactions change in order to accommodate the 
movement of water are not known. 
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Two important factors, steric constraints and functionality, influence which dominant 
type of organo-mineral interactions can occur, and therefore affect activation energies 
and rates for reorganisation of coating minerals. Firstly, steric hindrance is an 
important factor associated with all interactions as it affects compound packing 
arrangements and how close the appropriate components or functional groups can get 
to one another (Shevchenko and Bailey, 1998b). For example, Shevchenko and Bailey 
(1998a) found long-chain polymers had higher interaction energies, than those of 
cyclic/aromatic polymers, because they could undergo conformational changes to 
maximize contact with the mineral surface. Mainwaring et. al. (2013) compared the 
packing efficiency of cis and trans unsaturated long-chain acids and found that the 
concentration of the cis acid required to induce extreme SWR on AWS was lower than 
that of the trans acid. Therefore, when a denser, or less mobile, hydrophobic barrier is 
formed by tightly packed organic molecules this is likely to be more resistant to 
conformational changes or competitive interactions caused by the introduction of 
water. Mainwaring et. al. (2013) also found that SWR increased with the length of the 
side chains on branched esters applied to AWS. However, at high concentrations the 
effects of packing efficiency become negligible (Mainwaring et al., 2013). Thus, while 
packing efficiency is important at lower concentrations, it would seem that at high 
concentrations of organic compounds, a large or deep enough hydrophobic barrier is 
formed which acts to limit molecule mobility. Secondly, given the polar nature of 
mineral surfaces (most containing surface OH groups), polar compounds may interact 
with mineral surfaces via electrostatic interactions such as hydrogen-bonding, ligand-
exchange and cation-bridging. By comparison, non-polar components can only 
interact with mineral surfaces via relatively weak van der Waals and hydrophobic 
interactions. For example, Shevchenko and Bailey (1998b) found that carbohydrate-
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based polymers had greater interaction energies with the mineral surface, than the less 
polar lignin-based polymers.  
The importance of steric hindrance and compound functionality would suggest that 
these mechanisms involve chemical and physicochemical aspects. However, 
Shevchenko and Bailey (1998b) report no correlation between sorption energy and the 
number of polar functional groups contained in the organic molecule. Therefore, it is 
suggested that organo-mineral interaction strength is more reliant on the 
conformational energy (flexibility) of the organic molecule to maximize organo-
mineral contact (Shevchenko and Bailey, 1998b). Thus, conformationally flexible 
compounds are likely to bind more strongly to mineral surfaces (Shevchenko and 
Bailey, 1998a). Gu et. al. (1995) also mentioned that more flexible compounds are 
likely to be more strongly adsorbed due to their ability to rearrange to maximize 
surface interaction at multiple points. Gu et. al. (1995) also proposed that a 
combination of molecule size and number of polar sites will affect the rate of 
adsorption, on the basis of decreased attraction over time (i.e. as the number of 
available surface sites become increasingly occupied, the remaining free polar groups 
of the organic compounds will have lower surface attraction and be potentially blocked 
by steric hindrance).  
Therefore, some inferences regarding SWR can be made from these explanations. 
Since adsorption strength increases with decreasing conformational energy of the 
organic compounds, this would suggest that compounds such as long-chain fatty acids 
will be more strongly adsorbed to the mineral surface than aromatic compounds. Thus, 
fatty acids will be less likely to reorientate from the introduction of competitive 
interactions with water. Furthermore, the lower conformational energy of fatty acids 
will enable greater molecule packing/stacking, creating a denser hydrophobic layer 
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(with a greater number of organic molecules), which would be more difficult for water 
molecules to overcome.   
1.3.5 Conceptual Models 
Conceptual models used to visualize and explain SWR typically involve a mineral 
surface covered in a monolayer of amphiphilic compounds. These monolayer models 
are used to explain the reversible nature of SWR on the basis of molecular 
rearrangement or reorientation of the amphiphilic compounds, depending on whether 
or not water is present. For example, Horne and McIntosh (2000) suggest that, in the 
absence of water, the polar ends of amphiphilic compounds interact with the polar 
mineral surface, leaving the hydrophobic aliphatic tails exposed at the organic-air 
interface. However, when a sufficient amount of water is present, the amphiphilic 
molecules reorientate so that the polar ends can interact with the water molecules, 
blocking interaction between the hydrophobic tails and water, and allowing hydration 
and movement of water (Horne and McIntosh, 2000). Upon subsequent drying, the 
process is reversed, and the hydrophobic tail barrier is reformed at the surface (Horne 
and McIntosh, 2000). This theory is consistent with the findings of Ma’shum and 
Farmer (1985) who reported that a soil exhibited wettable, followed by non-wettable, 
characteristics during respective freeze-drying and subsequent re-wetting and oven-
drying treatments. Ma’shum and Farmer (1985) suggested that freeze-drying 
maintains the molecular conformation of the hydrophilic groups in a state where they 
are exposed to water, rendering the soil wettable, while during the subsequent wetting 
and drying treatments, molecular reorientation occurs which exposes the hydrophobic 
components to the air/water interface, rendering the soil non-wettable.  
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Doerr et. al. (2000) reported a conceptual model which schematically depicts the 
theory proposed by Horne and McIntosh (2000) (Figure 3). However, this model does 
not include the effects of charge, whereas Horne and McIntosh (2000) suggested that 
the ionization of carboxylate groups (likely to be expected in field-moist soils) plays 
an important role in the hydrophobic properties of soil.  
 
 
Figure 3: Doerr et. al.’s (2000) conceptual model of water-organo-mineral interactions 
involved in the removal of SWR. 
 
Diehl (2013) expands on the monolayer models of Doerr et. al. and Horne and 
McIntosh by introducing the effects of pH and ionic strength on molecular 
rearrangement (Figure 4). Diehl’s model proposes that as the soil dries (loss of water 
molecules), either the polar or non-polar ends of amphiphilic compounds will be 
exposed to the air-interface as they contract to maximize interaction with the remaining 
(fewer) water molecules. At low pH the potential repulsive forces between amphiphilic 
molecules are avoided, allowing the polar ends to be brought closer together and 
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resulting in the non-polar ends forming a hydrophobic barrier. By contrast, at high pH, 
ionization of amphiphilic compounds causes them to repel away from each other 
(assuming low ionic strength), resulting in the polar ends shielding the hydrophobic 
tails. This repulsive effect was observed in a molecular dynamics study by Shevchenko 
et. al. (1999), who found that ionized carboxylic acid groups move away from a 
negatively charged surface. 
 
Figure 4: Diehl’s (2013) conceptual model of water-organo-mineral interactions with 
drying. (a) high ionic strength and low pH, (b) medium ionic strength and pH, and (c) 
low ionic strength and high pH. 
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Monolayer models, especially that of Doerr et. al. (2000), have some limitations. 
Firstly, a monolayer is unlikely to occur in natural soils, given that experimental 
studies have shown that organic concentrations equivalent to many monolayers are 
required to achieve severe SWR. Secondly, vertical stacking of organic compounds is 
unlikely given that electrostatic interactions will not be the only intermolecular forces 
occurring between the organic and mineral components. Attractive interactions 
between non-polar organic components and the mineral surface will likely mitigate the 
repulsive effects between negatively charged components (Shevchenko et al., 1999). 
Thirdly, rearrangement of the polar and nonpolar ends of the amphiphilic compounds 
caused by the competitive interaction with water assumes that the interaction is more 
favourable, than the existing organo-mineral interaction, to such a degree that it can 
overcome the desorption and conformational energies required to cause the 
rearrangement of the organic molecules in the first place. Additionally, a monolayer 
of straight-chain amphiphilic compounds does not account for packing constraints, 
which would affect how much energy and time would be required to cause a molecular 
rearrangement of the amphiphilic compounds. Based on computer simulations, 
Shevchenko et. al. (1999) found that water interacts strongly with ionized carboxylate 
groups, which conforms to the Doerr et. al. model of molecular rearrangement. 
However, in Shevchenko et. al.’s study, water is already in contact with carboxylate 
groups, which is not necessarily the case in hydrophobic soils where a non-polar 
barrier may mitigate how strong these interactions can be. Similarly, while Diehl’s 
model is different to that of Doerr, it assumes water is in the system prior to adsorption 
of organic compounds, which itself is unlikely given that natural hydrophobic soils 
have been shown to have organic coatings.  
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Graber et. al. (2009) proposed a monolayer model, similar to that of Doerr et. al., and 
Horne and McIntosh, but which included charge effects (Figure 5). This model tackles 
some of the limitations of earlier models by introducing divalent cation-bridging, 
which alongside neutralizing potential repulsive interactions, was proposed to be the 
reason for the vertical stacking of the aliphatic chains (of long-chain fatty acids). The 
reasoning being that cation-bridging alters the electrostatic environment in such a way 
that ionized polar ends of long-chain fatty acids are packed more closely together 
(Graber et al., 2009). The same ordering can be achieved, without needing cation-
bridging, if the mineral surface is positively charged and fatty acids are ionized (Graber 
et al., 2009). By contrast, neutral fatty acids are represented in the model with 
disordered layering independent of the surface charge of the mineral (Graber et al., 
2009). Thus, it is proposed that higher levels of adsorption, either through increasing 
pH to ionize more fatty acids (allowing for greater cation-bridging) or increasing iron 
oxide surface coverage, will result in a more hydrophobic surface (Graber et al., 2009). 
Furthermore, unlike the Doerr et. al. model, Graber et. al. (2009) proposed five 
conditions that are likely to affect the competitive water-organic interactions: (i) 
aliphatic chain length, (ii) degree of saturation, (iii) packing order, (iv) number and 
strength of electrostatic organo-mineral interactions, and (v) degree of organic 
ionization. Therefore, even though this model essentially only describes the interaction 
between a single organic molecule and the mineral surface, the strength of this model 
is that it identifies that the system has greater complexity, than that offered in the Doerr 




Figure 5: Graber et. al.’s (2009) conceptual model of organo-mineral interaction.  
 
An alternative to these monolayer models is the bilayer model of Wershaw (1993) 
(Figure 6), developed to examine adsorption of SOM. On the basis of component 
polarity and charge balancing, Wershaw (1993) proposed a micelle-like model 
involving amphiphilic molecules. This model suggests initial organo-mineral contact 
occurs between the polar (carboxylic acid) ends of amphiphilic compounds and 
charged mineral surface sites via ion-exchange (Wershaw, 1993). The aliphatic tails 
of these amphiphilic compounds then cause additional amphiphilic compounds to 
invert in order to maximize organic-organic interaction between the non-polar tail 
groups. In this manner, a micelle-like structure is formed, where the polar groups of 
the top layer of organic compounds are exposed, and the non-polar groups form an 
interior barrier held together by hydrophobic interactions (Wershaw, 1993). However, 
this model is limited regarding surface charge and ionization. For example, while clay 
minerals such as smectite or kaolinite are likely to have positive surface charge 
(assuming they have a metal oxide coating) at typical soil pH (~5-7), a sand mineral 
like quartz is likely to have negative surface charge, which would create repulsive 
interactions between ionized organic species (typical pKa ~4.5) and the quartz surface, 
or require counter-ion balance at the organo-mineral interface. Diehl et. al. (2010) 
found that, depending on the density of negatively charged sites available on the 
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mineral surface, WDPTs could either increase or decrease when the pH was made 
acidic. Furthermore, vertical or upright stacking of organic compounds may occur at 
high concentrations where steric hindrance necessitates it but van der Waals attraction 
and hydrophobic interaction would likely optimise interaction energy by layering the 
non-polar groups parallel on the mineral surface. However, unlike monolayer models, 
this model identifies greater complexity in the rearrangement of molecules and 
changes in interaction mechanisms that must occur to enable movement of water.   
Figure 6: Wershaw’s (1993) conceptual model of organo-mineral interaction.  
 
Support of a micelle-like structure of humic compounds is provided by Piccolo et. al. 
(1996b), who found that the addition of organic acids to humic fractions, followed by 
raising the pH to 9.2, caused the molecular weight of the humic compounds to decrease 
via fragmentation or loss of intermolecular bonds of the organic supra-molecules. The 
explanation proposed for this observation is that, at low pH, the aliphatic part of the 
added organic acids penetrates into the non-polar interior of the micelle-like structure 
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of the humic compounds, introducing steric pressure to the structure. When the pH is 
increased, the carboxylate groups are deprotonated, causing negative repulsion to 
disrupt the strained micelle-like structure, and causing the initial large aggregates to 
restabilise as smaller (lower molecular weight) groups (Piccolo et al., 1996b). This 
explanation is in agreement with the observations that lower molecular weight 
compounds are not detected when mineral acids (HCl or H2SO4) or alcohols are added 
to the humic fractions (Piccolo et al., 1996a). However, while a micelle-like structure 
may form with small molecules, Albers et. al. (2008) suggested that large molecules 
containing a number of carboxylic groups would not form micelles, because it is 
unlikely that multiple carboxylic groups will be located together in one area of the 
molecule.  
Given that a typical mineral surface will have both negative and positive surface 
charge sites, interaction between organic compounds and the mineral surface will not 
be consistent over the whole surface. Therefore, at a low concentration of organic 
compounds, surface coverage will occur, firstly, at surface sites where the organo-
mineral interactions are stronger/more favourable, possibly resulting in patchy 
coverage. Conversely, at a high concentration of organic compounds, it may be 
possible that a more uniform surface coverage exists. However, hydrophobic 
interactions would suggest that the organic compounds may be contracted together, 
which may enhance compound grouping and weaken the concept of a single 
monolayer. Therefore, a monolayer conceptual model must assume that either surface 
charge and density of charge sites is homogeneous, or that the concentration of organic 
compounds is sufficiently high to mitigate preferential interaction (Mikutta et al., 
2007). However, experiments comparing surface area and organic compound loadings 
suggest that vertical multi-layering, rather than lateral surface coverage, occurs 
 83 
(Kleber et al., 2007). Furthermore, micro-imaging has shown that surface coverage 
appears even with higher applied loadings of organic compounds (Kleber et al., 2007).  
The lack of experimental evidence for monolayer coverage extends to extraction 
studies, which have found that reapplication of repellent soil extracts to AWS did not 
induce the same initial repellency level (Doerr et al., 2005). This could imply that (i) 
the extraction does not remove all organic compounds, (ii) layering is a sequential 
accumulation process, (iii) drying does not allow enough equilibration time for 
molecules to reorientate to their initial configurations, or (iv) that the application 
solvent has an effect on SWR. However, differences in initial SWR measurements and 
those from the reapplication of extracts may also be due to other experimental factors 
such as the loss of labile compounds during the extraction (Doerr et al., 2005), and 
changes in surface area/concentration ratios. Thus, it is difficult to draw conclusions 
about the relationship between the results of extraction studies and molecular layering.  
Building on Wershaw’s model, a zonal model is proposed by Kleber et. al. (2007) 
which divides organic compounds into three layers or zones of favourable interaction 
(Figure 7). The “contact zone” is where organo-mineral interaction occurs, and is 
therefore dependent on the surface charge of the mineral and charge/polarity of the 
nearby organic compounds (Kleber et al., 2007). This zone is a shared concept across 
all proposed models, and typically involves interaction between the polar ends of 
amphiphilic compounds and a polar mineral surface. The second zone, referred to as 
the “zone of hydrophobic interactions”, involves the interaction between non-polar 
components, and is representative of the micelle-like structure in Wershaw’s model 
(Kleber et al., 2007). The exposed outer layer, referred to as the “kinetic zone”, is 
where newly introduced compounds and ions will move along the organic surface of 
the hydrophobic zone, unless interactions are sufficiently strong for them to bind to 
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the compounds, or disrupt pre-existing interactions, in the hydrophobic zone (Kleber 
et al., 2007). A strength of Kleber et. al.’s model is that it identifies that soil organic 
matter contains a mixture of compounds, with varying degrees of polarity (and charge 
at typical soil pH) (Kleber et al., 2007), and thus, the types of organo-mineral 
interactions must also vary.  
Figure 7: Zonal model proposed by Kleber et. al (2007). 
 
Recent studies using neutron reflectometry have identified organic molecule layering 
in a zonal structure. For example, Petridis et. al. (2014) found that distinct layering of 
stearic acid (SA) in a [mineral – SA1(polar) – SA1(nonpolar) –SA2(nonpolar) – 
SA2(polar)] pattern occurred when it was added to Al3O2. Furthermore, when a 
mixture of stearic acid and glucose was applied to Al2O3, stearic acid molecules 
interacting with other stearic acid molecules were more ordered than those interacting 
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with glucose. These findings are in agreement with the micelle-like structure proposed 
in Wershaw’s model. In addition, when glucose and stearic acid were added to Al2O3, 
the glucose was found in contact with the surface while the stearic acid was not (Mayes 
et al., 2013). However, Mayes et. al. (2013) also found that the addition of glucose and 
a “natural organic matter” (NOM) mixture to Al2O3 formed a single layer, while the 
addition of SA and the NOM mixture resulted in three layers (Al2O3). The proposed 
explanation for the separation of the mixture is that the more polar compounds of the 
NOM interact with the mineral surface, whereas the non-polar compounds of the NOM 
layer interact with the top of the SA layer (Mayes et al., 2013). However, direct 
evidence of specific zones is not provided by this observation because the identity of 
the components is unknown.  
Glucose binding to mineral surfaces is in agreement with the zonal model proposed by 
Kleber et. al. (2007), who suggests that small polar molecules may play an important 
role facilitating binding of less polar compounds to mineral surfaces. Atanassova and 
Doerr (2011) expand on this conclusion, suggesting that low molecular-weight short-
chain compounds such as alcohols and diacids stabilise organo-mineral binding, 
resulting in greater SWR. However, Morley et. al. (2005) suggested that low molecular 
weight polar compounds, rather than stabilising organo-mineral binding, will diffuse 
into water relatively quickly and act as a surfactant, making the removal of larger 
compounds easier. Therefore, the role of low molecular-weight polar organic 
compounds is not decisively known, with suggestions that they both strengthen and 
weaken organo-mineral binding, resulting in either enhanced or reduced SWR.  
Further support of the zonal model of Kleber et al. is provided by Mainwaring et. al. 
(2013), who found that a combination of long-chain alkanes and carboxylic acids 
induced extreme SWR on AWS, suggesting that the alkanes interact favourably with 
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the aliphatic tails of the acids and create a stronger barrier to water than the non-polar 
tails alone. In addition, the observation that not all organic matter is removed via 
extraction (~25% according to Doerr et. al. (2005)), fits in a multi-layer model if it is 
assumed that the outer layers are removed and this is enough to allow the movement 
of water. Within the model of Kleber et. al., this would suggest that the molecules 
constituting the hydrophobic zone would be removed or sufficiently depleted. 
However, Albers et. al. (2008) has criticised the Kleber et. al. model for not 
representing all possible molecular functional groups that may be present in soil, and 
because the chemical abundances of the 17 organic molecules shown in the model 
don’t correspond to those found in humic substances. However, it would seem, the 
purpose of the Kleber et. al. model is to represent the interactions between minerals 
and organic molecules based on three classes (non-polar, slightly polar amphiphilic, 
and strongly polar amphiphilic) and not a holistic view of all humic substances.   
The introduction of water obviously complicates the system, but as previously 
mentioned, the mechanism by which water molecules overcome the hydrophobic 
barrier is unknown. This is a shared limitation of all the conceptual models. The Doerr 
et. al./Horne and McIntosh model does not provide an answer to why rearrangement 
of the amphiphilic molecules occurs (other than assuming the competitive water-
organic interaction is more favourable than the mineral-organic interaction). Diehl’s 
model bypasses this assumption by assuming that there is no, or only minimal, organo-
mineral interaction occurring prior to the introduction of water. The zonal model of 
Kleber et. al. makes no attempt to explain the movement of water, outside of it existing 
in the kinetic zone, and therefore, moving across the hydrophobic barrier rather than 
through it. 
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A molecular dynamics study by Aquino et. al. (2009) found that water molecules were 
able to move through the space between two polyacrylic acid chains (three >CH-
COOH units) if the separation distance was fixed at 13.0 Å, whereas at 8.6 Å, the water 
molecules remained outside of the dimer (Figure 8). This result may have implications 
on SWR. For example, it may suggest that packing density/order is an important factor, 
and that for water to move through hydrophobic components, water must interact with 
polar organic groups in such a way as to overcome existing organic-organic 
interactions and cause sufficient separation of the aliphatic chains. Only a small 
separation exists between organic compounds in real soils and within the MD study 
(1.4 – 1.6 Å after geometry optimization) (Aquino et al., 2009). Therefore, the finding 
that a large separation between the organic molecules is required, to allow water to 
enter between them, is consistent with the model of Doerr because the simulation was 
conducted using a fixed distance between the organic molecules. However, in a real 
soil, while the separation distance is likely to be much smaller, the organic chains will 
not be fixed, which may allow water to push them apart if the interaction is favourable 
enough or the amount of water is large enough. However, how favourable, or how 
large a concentration of water, is required is uncertain, given that hydrogen-bonded 
groups will only be separated by ~ 1.8 Å, and therefore have much stronger 




Figure 8: Computer models (Aquino et al., 2009) of 10 water molecules interacting 
with polyacrylic acid chains separated at a distance of 8.6 Å (left, top view) and 13.0 
Å (right, side view). 
1.3.6 Conclusions: 
SWR is a serious problem for agriculture because it reduces the amount of water 
available for crop and pasture growth. Unfortunately, while general causes such as 
organic compounds have been identified, an understanding of how SWR becomes 
established between specific compounds and mineral grains in not known. A particular 
problem in this regard is the complexity of SOM. It is difficult to unpack SOM into 
more specific components because of the interactions that can occur between the 
individual chemical species.  
The dominance of particular organo-mineral interactions seems highly dependent on 
surface charge and polarity. As such, some conclusions can be made from the 
literature. Firstly, ligand-exchange is likely the dominant interaction between 
positively charged minerals and ionized organic components. Secondly, divalent 
cation-bridging is likely the dominant interaction between negatively charged minerals 
and ionized organic groups. Thirdly, hydrogen-bonding, hydrophobic and van der 
 89 
Waals interactions likely become more dominant when un-ionized organic groups are 
involved (low pH), with hydrophobic interactions obviously occurring more in 
hydrated systems. Fourthly, covalent-bonding and water-bridging interactions are 
unlikely to be occurring. An understanding of these interactions should guide future 
research efforts regarding the contributions of physical, physicochemical and chemical 
factors to SWR. 
A primary weakness of many studies is that while they may focus on the effects of 
certain properties, they often ignore a number of others that also influence SWR. This 
problem is further compounded by the fact that the mechanisms are not known, 
resulting in an inability to identify whether or not specific factors are having an effect 
on physical, physicochemical, chemical, or a combination of these properties. Thus, 
future research needs to address these limitations by designing more sophisticated 
experiments and utilising computer simulations to predict what may be happening at a 
molecular level. Examples of specific experimental aims may include identifying a 
link between SWR measurements and concentrations of polar compound classes, 
loading and sequential layering experiments to determine organo-mineral structure, 
and attempting to isolate the contributions of physical, physicochemical and chemical 
factors associated with pH or mineralogy. Molecular dynamics may be useful for 
examining organo-mineral structure and the changes that may occur as a result of 
altering pH, temperature, wetting/drying and movement of water through pore spaces. 
Ultimately, it is an understanding of the fundamental mechanisms that cause SWR that 
will enable more specialised and site-specific amelioration strategies to be developed. 
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1.4 PURPOSES 
The specific aims of this study are to: 
• Quantify the abundance of long-chain saturated carboxylic acids, alkanes, 
alcohols and steroids in water repellent soils. 
• Identify the contributions of various organic compound classes to the degree 
of SWR. 
• Investigate the structure or layering of organic compounds relative to the 
mineral surface. 
• Isolate and determine the effects of pH and mineralogy on SWR in terms of the 
changes to physical, physicochemical and chemical properties.  
1.5 SIGNIFICANCE 
A lack of understanding of the fundamental chemical mechanisms involved in 
inducing SWR has led to broad amelioration strategies being implemented in the field 
with no guarantee of success, cost efficiency or longevity. Significant differences in 
soil properties across fields and regions also mean successful amelioration methods in 
one area may not be useful in another area. In addition, this problem is further 
exacerbated by the impacts of climate change (Goebel et al., 2011). Thus, this is not a 
problem that is likely to solve itself, but rather will require continued research to 
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Chapter 2: A comparison of 
Soxhlet, sonication and accelerated solvent 
extraction methods for investigating soil 
water repellency 
Abstract: 
Soxhlet, sonication and accelerated solvent extraction (ASE) methods were used to 
extract organic compounds from water repellent soils collected from cropland and 
plantation. The Soxhlet method extracted the most organic material, extracting 10.8% 
from the cropland soil and 17.1% from the plantation soil. The sonication and ASE 
methods were less effective (8.6% and 2.9% for cropland, 14.0% and 8.9% for 
plantation), but are considerably more time efficient, allowing for higher sample 
throughput. The suitability of each method for SWR studies was assessed by 
characterising and quantifying saturated long-chain (≥ C14) carboxylic acids, alkanes 
, alcohols and steroids. All four of these compound classes were identified in the 
Soxhlet extracts from both the cropland and plantation soils, and generally in the 
highest concentrations compared to the sonication and ASE extracts.  
INTRODUCTION: 
Soil water repellency, the inhibition of water to move through the surface horizons of 
soils, is observed all around the globe (Jaramillo et al., 2000; Roper et al., 2015). It has 
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been identified as a major concern for agriculture in many countries and is also a 
feature in watersheds, particularly after fire (DeBano, 2000) where it promotes run-off 
and erosion. For example in Western Australia approximately 10.2 Mha of soils are 
affected (van Gool et al., 2008) and depending on the degree of repellency, plant 
germination may be staggered or prevented, reducing crop yield (Harper et al., 2000). 
In highly affected areas, the potential of wind and water erosion is increased 
(Blackwell, 2000), the former because soils remain in a dry loose state, the latter as 
SWR promotes infiltration-excess overland flow. SWR has been associated with soil 
organic matter, present as coatings on the mineral grains (Bond and Harris, 1964; 
McGhie and Posner, 1980) or as interstitial matter (Franco et al., 1995), and generally 
increases with increasing soil organic matter content. SWR also varies with soil 
properties, climate, land use and vegetation (Doerr et al., 2000) and is generally 
greatest in soils with small clay contents (Harper et al., 2000). The composition of soil 
organic matter also makes a contribution to the degree of water repellency, thus the 
accurate identification and quantitation of the organic compounds that induce SWR 
requires efficient methods of extraction and characterisation. 
Soxhlet extraction is the most commonly used method for isolating organic 
compounds from water repellent soils. However, Franco et al. (1995) have also used 
sonication to isolate intrinsic particulate material from water repellent soils, and more 
recently accelerated solvent extraction (ASE) has been used (Atanassova and Doerr, 
2010; Atanassova and Doerr, 2011) in studies of water repellency soils. Early method 
development studies (Horne and McIntosh, 2000; Ma'shum et al., 1988) identified that 
a solvent mixture of 7:3 isopropanol/ammonia was effective for removing water 
repellency inducing compounds from soil. This solvent mixture has continued to be 
used in water repellency studies either on its own (Doerr et al., 2005; Franco et al., 
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2000; Llewellyn et al., 2004; Mainwaring et al., 2004; Morley et al., 2005) or in 
combination with other solvents for sequential extraction procedures (Mao et al., 2014; 
Mao et al., 2015). Several studies have subsequently investigated the type of organic 
material present in soils, with some later reports identifying specific compounds 
(Atanassova and Doerr, 2010; Atanassova and Doerr, 2011; Atanassova et al., 2012; 
Franco et al., 2000; Mao et al., 2014; Mao et al., 2015). However, solvent extraction 
of water repellent soils is a problematic process due to the complexity of the organic 
matrix, and difficulty in developing a suitable method for extracting the compounds of 
interest in sufficiently high concentrations for accurate detection. Nonetheless, 
quantitative chemical analysis of soil extracts is important for furthering research into 
SWR. 
Numerous studies have identified long-chain saturated carboxylic acids in water 
repellent soils as the main contributor to SWR (Atanassova and Doerr, 2010; 
Atanassova and Doerr, 2011; Atanassova et al., 2012; Horne and McIntosh, 2000; 
Llewellyn et al., 2004; Mao et al., 2014; Mao et al., 2015; Morley et al., 2005). Studies 
which have conducted loading experiments on acid-washed sand (AWS) have 
confirmed that long-chain carboxylic acids, such as hexadecanoic (Daniel et al., 2019) 
and stearic acid (Mainwaring et al., 2013), do induce repellency. Mao et al. (2014; 
2015) proposed that long chain alcohols can be used as biomarkers for SWR and these 
compounds have also been shown to induce repellency on AWS at high loadings 
(Daniel et al., 2019; Uddin et al., 2017). Long chain alkanes have not been shown to 
induce repellency on their own but have an enhancing effect on SWR induced by 
amphiphilic compounds (Mainwaring et al., 2013; Uddin et al., 2019). Morley et al. 
(2005) found that steroid species were identified in repellent soils but not observed in 
wettable soils. Subsequently, Mainwaring et al. (2013) found that cholesterol and beta-
 95 
sitosterol induced repellency on AWS once heated. By contrast, low molecular weight 
(<155 g mol-1) unsaturated alcohols and cyclic compounds have been shown to not 
induce repellency on AWS (Uddin et al., 2017). Therefore, saturated long-chain 
carboxylic acids, alcohols, alkanes, and steroids are compounds that should be 
investigated in water repellent soils.  
This study compares the efficiency of three different solvent extraction methods for 
extracting organic compounds from water repellent soil. These methods are the 
Soxhlet, sonication and accelerated solvent extraction (ASE) procedures, which were 
carried out on water repellent acid-washed sand (loaded), a plantation soil (PS) and an 
agricultural soil (AS). Internal standard spiking was used with gas chromatography-
mass spectroscopy (GCMS) analysis to determine the ability of each method to extract 
long-chain saturated carboxylic acids, alkanes, alcohols, and steroids. A sequential 
extraction procedure using different solvent mixtures was not used because the use of 
solvent mixtures, other than IPA/NH3, has been shown to be not particularly useful for 
examining the compounds associated with SWR. For example, DCM/MeOH (9:1) 
removes similar compounds to IPA/NH3 (7:3) but in lower quantities, and does not 
reduce the SWR of the extracted soil nearly as well (Mao et al., 2014). Similarly, 
Hansel et al. (2008) found that an initial extraction using chloroform/acetone (9:1) did 
not reduce repellency of their samples, whereas a secondary extraction using IPA/NH3 
(7:3) did eliminate repellency.    
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2.1 MATERIALS AND METHODS: 
2.1.1 Materials: 
Dichloromethane (Fisher Chemical, AR), methanol (VWR Chemicals, 100%), 
dodecane (Fluka Australia, analytical standard), ethanol (Univar, AR), hexadecanoic 
acid (Sigma-Aldrich, ≥ 99%), hexadecane (Fluka Australia, Analytical Standard), 
hexadecanol (Sigma-Aldrich, 99%), cholesterol (Sigma-Aldrich, ≥ 99%), acid-washed 
sand (Chem-Supply), tetrahydrofuran (THF, Emsure, 99.8%), isopropanol (VWR 
Chemicals, 99.8%) and ammonia (Chem-Supply, 30% solution) were used, as 
supplied. 
2.1.2 Soil Collection: 
Plantation soil was taken from beneath a stand of Eucalyptus globulus trees (Murdoch, 
Western Australia) by firstly removing the top debris (fallen branches, bark, leaf litter 
etc.) then collecting the top 10 cm of soil and storing it in plastic sample bags. This 
species has been shown to induce water repellency in agricultural soils in this region 
(Walden et al., 2015). Agricultural soil was collected in the same way from a wheat 
(Triticum aestivum)-lupin (Lupinus angustifolius) farm near Mingenew, Western 
Australia.  
After collection, both soils were sieved (2 mm) and air-dried (2 weeks). Soil particle 
size analysis and organic carbon analysis (Walkley Black) was carried out by CSBP 
Soil and Plant Laboratory (Bibra Lake, Western Australia). Organic matter content (% 




Table 1 Soil composition and SWR (MED) values for plantation (PS) and agricultural 
(AS) soils. 













PS  96.0 1.0 3.0 1.18 3.24 3.0 
AS  93.0 3.0 4.0 1.10 2.57 2.2 
 
2.1.3 Assessment of SWR 
The degree of SWR was determined using the MED method (King, 1981). A 4.0 mol 
L-1 stock solution of ethanol was prepared by adding 23.36 mL of ethanol to a 100 mL 
volumetric flask. Solutions of known ethanol concentration (0 – 4.0 mol L-1 in 0.2 mol 
L-1 increments) were then prepared by diluting the stock solution. Drops (15 µL) of 
the prepared solutions were then applied to the soil starting from the lowest 
concentration. The lowest molarity for which the infiltration time of ≤ 3 seconds was 
observed was recorded as the MED for that soil. The degree of water repellency was 
classified as wettable (MED = 0 mol L-1), low (MED 0.2 - 1.0 mol L-1), moderate 
(MED 1.2 - 2.2 mol L-1) or severe (MED > 2.4 mol L-1). 
2.1.4 Compound Loading:  
The compound loading method used was adapted from those outlined by Mainwaring 
et al. (2013) and Uddin et al. (2017). Hexadecanoic acid, hexadecane, hexadecanol and 
cholesterol were loaded onto acid-washed sand at a concentration of 5.3 x 10-8 mol g-
1 of sand. This was achieved by preparing a stock solution (2.0 x 10-4 mol L-1) of the 
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four compounds in tetrahydrofuran (THF). 30 g of AWS was added to a round-bottom 
flask with 50 mL of THF and swirled. Then 7.95 mL of the four-compound stock 
solution was added to the flask to achieve the desired loading. The flask was rotated 
for 15 minutes to ensure the organic compounds were exposed to the sand surfaces. 
Following this, the solvent was removed using a rotary evaporator at 45 oC under 
reduced pressure (260 mm Hg).   
2.1.5 Soxhlet Extraction: 
A few anti-bumping granules were added to a 200 mL round-bottom flask with 175 
mL of 7:3 isopropanol /ammonia (IPA/NH3). 25 – 30 g of accurately weighed soil was 
added to a glass-fibre thimble and placed into a Soxhlet, which was connected to the 
round-bottom flask with the solvent. An additional 25 mL of the IPA/NH3 solvent 
mixture was added to the Soxhlet and left for 15 minutes to soak the soil in the thimble. 
The solvent was heated under reflux for 24 hr then the anti-bumping granules were 
removed. The isopropanol was evaporated using a rotary evaporator (45 oC) under 
reduced pressure (260 mm Hg). Extraction of each soil was carried out in triplicate.  
2.1.6 Accelerated Solvent Extraction (ASE): 
The ASE method used in this study was adapted from Atanassova and Doerr (2010). 
Extraction was carried out using a Dionex ASE 150. 10 g of soil was placed into a 10 
mL stainless steel Dionex extraction cell with a glass-fibre filter. No diatomaceous 
earth was added. The solvent used was IPA/NH3 (95.5:4.5). The method included a 
pre-heating phase of 5 minutes at 75 oC and two static extraction phases (20 minutes 
each at 75 oC) at a pressure of 1500 psi. Following extraction, the samples were 
transferred into centrifuge tubes. The tubes were left unsealed in a fume cupboard 
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overnight to remove any remaining ammonia. Extraction of each soil was carried out 
in triplicate.      
2.1.7 Sonication Extraction: 
The sonication method used in this study was developed from a method reported by 
McCready et al. (2000) for extracting polycyclic aromatic hydrocarbons from surface 
sediment. Approximately 30 g of soil was added to a 100 mL Schott bottle and 50 mL 
of IPA/NH3 (7:3) solvent was added. The mixture was hand-stirred for 30 seconds to 
break up any large soil aggregates. The bottle was then placed into a sonicator water 
bath (Branson 3200, 40 kHz) and sonicated for 30 minutes. Following the initial 
sonication period, the mixture was left to stand in the bottle for 24 hours. The mixture 
was then treated with another 30-minute period of sonication. After the second 
sonication period, 30 mL of solvent was transferred to a centrifuge tube. The tube was 
left unsealed in a fume cupboard overnight to allow the ammonia to evaporate. 
Extraction of each soil was carried out in triplicate. 
2.1.8 Gas Chromatography Mass Spectroscopy (GCMS) Analysis: 
The extracts from each procedure were taken to dryness using a Labconco centrivap 
(50 oC) under reduced pressure (100 - 300 mm Hg). Samples were then prepared for 
GCMS analysis by reconstituting the dry organic material in 15 L of 2:1 
dichloromethane /methanol (DCM/MeOH) spiked with dodecane (6.6 x 10-4 mol L-1). 
GCMS analysis was carried out using a Shimadzu GC-2010 and GCMS-QP2010S, 
equipped with an SGE GC BPX5 column (Trajan). The GC parameters used were: 
column oven temperature = 60.0 oC, injection temperature = 310 oC with splitless 
injection, carrier gas = He, flow control mode = linear velocity, pressure = 9.3 psi, total 
flow = 5.2 mL/min, and a split ratio of 1.0. The temperature gradient was 60 oC for 1 
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min, to 100 oC for 1 min, increasing at 30 oC min-1, to 300 oC for 15 min, ramping at 
4 oC min-1. 
Duplicate injections were carried out for each sample. Compound identification was 
carried out by m/z fragmentation analysis, with NIST library database matching (≥ 
85%), and confirmation using known standards in selected cases. Concentrations were 
determined as the number of moles of compound per gram of soil by comparing peak 
areas of the compounds with that of the dodecane internal standard. 
2.1.9 Efficiency Testing of Total Extracted Organic Material: 
Extractions were carried out by Soxhlet apparatus, sonication and ASE (as detailed 
above) on samples of the plantation and agricultural soils. The extracts were taken to 
dryness using a Labconco centrivap (50 oC) under reduced pressure. The samples were 
then weighed to obtain the mass of the extracted organic material. This mass was 
compared to the soil organic matter content of the material  estimated by loss on 
ignition (Santisteban et al., 2004). 
2.1.10 Reactions with Solvents: 
The standard solvents for extraction of organic compounds from water repellent soils 
include alcohols and ammonia. However, these solvents lead to partial, and in some 
cases complete, conversion of saturated carboxylic acids to the corresponding esters 
and amides. To identify the extent of this conversion, Soxhlet and sonication 
extractions were carried out on AWS loaded with accurately measured amounts of 
hexadecanoic acid. GCMS analysis of these extracts showed the presence of methyl 
palmitate and isopropyl palmitate, that could only have arisen from condensation 
reactions with methanol and isopropanol, respectively (Scheme 1). Additionally, 
hexadecanamide was observed as a result of a condensation reaction between 
 101 
hexadecanoic acid and ammonia during heating or sonication (Scheme 2). 
Unfortunately, when analysing real soil extracts it is not possible to distinguish 
between naturally occurring esters and amides and those arising from the extraction 
process. Furthermore, because of these reactions the measured fatty acid 
concentrations are expected to be lower than the actual amounts in the samples. The 
concentration of carboxylic acids determined directly represents a lower limit for these 
compounds. In comparison, the sum of the carboxylic acids, esters and amides of the 
same chain length represents an upper limit for the concentration of the carboxylic 
acid. Consequently, the concentration of carboxylic acids was determined from the 
sum of the concentrations of acids, esters and amides of the same chain length.  
 
Scheme 1 Conversion of hexadecenoic acid to the corresponding methyl and isopropyl 
esters. 
 
Scheme 2 Conversion of hexadecenoic acid to hexadecanamide.     
2.2 RESULTS: 
2.2.1 Efficiency Testing: 
A key aspect of comparing the different extraction techniques is determining how 
efficient they are at recovering both the total organic content (Table 2) and specific 
classes of organic compounds. To determine the extraction efficiency for specific 
classes of compounds, representative species of each class (hexadecanoic acid, 
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hexadecane, hexadecanol and cholesterol) were loaded onto acid washed sand and then 
extracted using each technique. Extraction of hexadecanoic acid was highest using 
Soxhlet extraction, with approximately all the loaded material being removed (97%), 
whereas sonication and ASE removed 38% and 3%, respectively (Figure 9). The ASE 
method removed the largest amount of hexadecane, at 43%, whereas only minor 
amounts where extracted using the Soxhlet apparatus and sonication (2% and 5%, 
respectively). The Soxhlet extraction method removed the most hexadecanol (21%), 
with sonication and ASE methods extracting 9% and 12%, respectively. The largest 
amount of cholesterol was removed using the Soxhlet extraction method (76%), 
whereas sonication and ASE removed 10% and 50%, respectively.       
 
Figure 9 Recovery (%) of hexadecanoic acid, hexadecane, hexadecanol and 


























The proportion of soil organic matter recovered by the different extraction techniques 
was determined by comparing the amount of extracted organic material for each 
technique against the loss on ignition (LOI). The largest recovery (%) of organic matter 
from both field samples (PS and AS) was achieved with Soxhlet extraction (Table 2). 
Nevertheless, this amounted to only ~17% for the plantation soil samples and only 
~11% for the agricultural soil. Extraction by sonication gave slightly poorer recovery 
for both PS (~14%) and AS (~9%). The ASE method removed the least amount of 
organic material from both soils, particularly for AS (~3%).  
Table 2 Proportion (%) of total soil organic material extracted by Soxhlet, sonication 
and accelerated solvent extraction (ASE) methods from plantation (PS) and 
agricultural soils (AS). 
Soil Sample Soxhlet (%) Sonication (%) ASE (%) 
PS 17.1 ± 0.4 14.0 ± 2.0 8.9 ± 0.4 
AS 10.8 ± 3.3 8.6 ± 1.1 2.9 ± 0.0 
 
2.2.2 Extraction of the Plantation Soil: 
Having identified the efficiencies of the techniques for extraction from laboratory soil 
standards, it was necessary to assess the performance for real soil samples. Unlike the 
laboratory standards, the actual amounts of each class of compound were not known 
prior to extraction. Therefore, for the field samples, the concentrations of each class of 
compound obtained are reported rather than the efficiency (%) of recovery.  
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The highest recovery of saturated acids and alkanes was achieved with Soxhlet 
extraction (0.897 ± 0.0829 and 0.826 ± 0.169 x 10-7 mol g-1, respectively) (Figure 10). 
By comparison, only low concentrations of saturated alcohols and steroid species were 
obtained (0.108 ± 0.0160 and 0.249 ± 0.0265 x 10-7 mol g-1, respectively) using Soxhlet 
extraction. 
Sonication removed comparable amounts of saturated acid species (1.12 ± 0.220 x 10-
7 mol g-1), to Soxhlet extraction. However, sonication was less efficient at removing 
alkanes (0.262 ± 0.0165 x 10-7 mol g-1), compared to the Soxhlet method. Additionally, 
sonication led to a similar quantity of steroid species (0.195 ± 0.0509 x 10-7 mol g-1) 
as Soxhlet extraction. However, no saturated alcohol species were detected from the 
sonication derived extract.   
The ASE method removed similar amounts of alkane compounds (0.834 ± 0.0625 x 
10-7 mol g-1) compared to the Soxhlet method, but only minor amounts of acid species 
(0.207 ± 0.00921 x 10-7 mol g-1). Extraction of alcohol species was also comparable 
between the Soxhlet and ASE methods (0.095 ± 0.00834 x 10-7 mol g-1). However, the 
concentration of steroid species (0.127 ± 0.00539 x 10-7 mol g-1) identified in the ASE 




Figure 10 Concentrations of different classes of compounds (saturated carboxylic 
acids, alkanes, alcohols, and steroids) extracted from (a) plantation and (b) agricultural 
soil with each of the three extraction methods. 
2.2.3 Extraction of Agricultural Soil: 
Variation in vegetation and land use are known to lead to differences in SWR and in 
the composition of organic compounds found in these soils. The two samples had 
similar total organic carbon contents (Table 1). Therefore, in addition to evaluating the 
extraction efficiency for soil obtained from a plantation, the techniques were also 
applied to a water repellent agricultural soil (Figure 10b). The Soxhlet method again 
extracted the greatest quantities of the four compound classes of interest (saturated 











































was 1.16 ± 0.0608 x 10-7 mol g-1, with a similar concentration of saturated alkane 
species (0.951 ± 0.0772 x 10-7 mol g-1) also extracted. Concentrations of saturated 
alcohol (0.301 ± 0.0540) and steroid species (0.286 ± 0.0289) were similar to those 
obtained from plantation soil. 
The sonication method removed a comparable amount of saturated acid species (1.06 
± 0.0997 x 10-7 mol g-1) as the Soxhlet method, but with higher variance between 
samples. However, only a very low level of saturated alcohol was detected (0.0793 ± 
0.00701 x 10-7 mol g-1) and neither alkane nor steroid species were observed from the 
sonication extract.      
Only small amounts of saturated acid, alkane and steroid species (0.0261 ± 0.0109, 
0.162 ± 0.0158 and 0.0488 ± 0.00191 x 10-7 mol g-1, respectively) were detected in the 
ASE extract, compared to the Soxhlet extracts. No alcohol species were observed. 
2.2.4 Specific Carboxylic Acids (Soxhlet): 
Having identified the efficiencies of each technique for extracting different classes of 
compounds, it was then necessary to investigate if variations existed in the 
concentration of individual compounds contributing to each class. 
Six saturated carboxylic acids or their derivatives were identified in the plantation soil 
extract using the Soxhlet method (Figure 11a). These included tetradecanoic acid 
(C14H28O2, C14OOH), hexadecanoic acid (C16H32O2, C16OOH), octadecanoic acid 
(C18H38O2, C18OOH), docosanoic acid (C22H44O2, C22OOH), tetracosanoic acid 
(C24H48O2, C24OOH) and hexacosanoic acid (C26H54O2, C26OOH). Tetradecanoic 
acid was detected as both the acid (~ 60%) and amide (~ 40%). In comparison, 
hexadecanoic acid was observed as acid (~ 50%), methyl ester (~ 15%) and amide (~ 
35%). The isopropyl ester (isopropyl palmitate) was also observed in some samples in 
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minor quantities. The longer chain acids were only detected in one or more of their 
derivative forms. For example, octadecanoic acid was only observed as an amide, 
whereas docosanoic acid was only observed as a methyl ester. Both the amide and 
methyl ester derivatives of tetracosanoic and hexacosanoic acids were observed.  
 
 
Figure 11 Concentrations of extracted saturated carboxylic acids from (a) plantation 









































When the concentrations of the pure acids and their derivatives were considered, 
hexadecanoic acid was found to be the most abundant acid observed (4.91 ± 0.0417 x 
10-8 mol g-1), followed by tetradecanoic acid (2.14 ± 0.514 x 10-8 mol g-1). The 
concentrations of octadecanoic, tetracosanoic and hexacosanoic acid were all similar 
(0.533 ± 0.0634, 0.586 ± 0.0210 and 0.637 ± 0.112 x 10-8 mol g-1, respectively) and 
relatively low. Docosanoic acid had the lowest observed concentration (0.281 ± 0.006 
x 10-8 mol g-1). 
Several of the same acid species were identified in the agricultural soil (Figure 11b). 
Once again hexadecanoic acid was the most abundant (6.40 ± 0.143 x 10-8 mol g-1), 
followed by (in much lower quantities) octadecanoic acid, tetradecanoic acid and 
docosanoic acid (2.34 ± 0.201, 0.884 ± 0.0493 and 0.355 ± 0.0636 x 10-8 mol g-1, 
respectively). However, pentadecanoic acid (C15H32O2, C15OOH) was also identified 
(1.53 ± 0.0811 x 10-8 mol g-1). Amide derivatives of the two most abundant acid 
species, hexadecanoic acid (~ 20%) and octadecanoic acid (~ 11%), were also 
observed.  
2.2.5 Specific Carboxylic Acids (Sonication): 
The sonication method identified the same six saturated acids from plantation soil as 
those obtained by the Soxhlet method (Figure 11a). However, none of these acids were 
observed as the parent carboxylic acids. Tetradecanoic acid was primarily observed as 
the corresponding amide (~ 90%), with a minor amount appearing as the methyl ester 
(~ 10%). Similarly, hexadecanoic acid appeared primarily as the amide (85%), with 
small amounts being observed as the methyl and isopropyl esters (~ 10% and 5%, 
respectively). As with the Soxhlet extraction, octadecanoic acid was only observed as 
an amide, and docosanoic acid was only observed as a methyl ester. Tetracosanoic acid 
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appeared as both the amide and methyl ester, whereas hexacosanoic acid only appeared 
as the corresponding methyl ester.  
The relative abundances of each group remained similar to those in the Soxhlet extract, 
with the highest concentrations being attributed to hexadecanoic acid, followed by 
tetradecanoic acid. In general, the sonication extract contained higher quantities of 
tetradecanoic, hexadecanoic and octadecanoic acid (3.66 ± 1.47, 5.28 ± 0.919 and 1.04 
± 0.370 x 10-8 mol g-1, respectively) compared to the Soxhlet extract. However, large 
variation in the concentrations of these components resulted in high degrees of 
standard error.       
Tetradecanoic acid, pentadecanoic acid, hexadecanoic acid and octadecanoic acid 
were also identified in the agricultural soil extract, but docosanoic acid was not (Figure 
11b). Concentrations of hexadecanoic acid (7.39 ± 0.792 x 10-8 mol g-1) and 
tetradecanoic acid (1.21 ± 0.0531 x 10-8 mol g-1) were higher than those in the Soxhlet 
extracts. However, the quantity of pentadecanoic acid (0.571 ± 0.0452 x 10-8 mol g-1) 
and octadecanoic acid (1.39 ± 0.123 x 10-8 mol g-1) were approximately half those in 
the Soxhlet extract.  
Amide derivatives of tetradecanoic acid, hexadecanoic acid and octadecanoic acid 
were observed in the sonication extract of the agricultural soil. However, the degree of 
derivatisation of hexadecanoic acid (~ 50%) and tetradecanoic acid (~ 64%) was 
considerably lower compared with the plantation soil extract. Amide conversion of 
octadecanoic was the lowest at approximately 30%.  
2.2.6 Specific Carboxylic Acids (ASE): 
Only tetradecanoic and hexadecanoic acid were identified from the ASE extract of 
plantation soil (Figure 11a). Both acids were detected as the parent acid species (~ 
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65% and 70%, tetradecanoic and hexadecanoic acid, respectively) and as the amide 
derivative (~ 35% and 30%, tetradecanoic and hexadecanoic acid, respectively). The 
concentrations of the respective acids followed the same trend as observed for the 
Soxhlet and sonication extracts, with hexadecanoic acid being the most abundant, 
followed by tetradecanoic acid; however, the actual concentrations were considerably 
lower in comparison (1.30 ± 0.102 and 0.769 ± 0.0282 x 10-8 mol g-1, respectively).  
For the agricultural soil, only hexadecanoic acid was detected and only as the amide 
derivative. In addition, the concentration of this component was significantly lower 
(0.169 ± 0.0176 x 10-8 mol g-1) than that observed for either the Soxhlet or sonication 
extracts (Figure 11b).  
2.2.7 Specific Alkanes (Soxhlet): 
Saturated long-chain alkanes with carbon numbers 23 to 29 were identified in the 
Soxhlet extract of plantation soil (Figure 12a). The odd-numbered carbon chains were 
generally present in higher concentrations than the even-numbered carbon molecules. 
The most abundant alkane identified was n-nonacosane (C29H60, C29, 2.54 ± 0.422 x 
10-8 mol g-1), followed by n-heptacosane (C27H56, C27) and n-pentacosane (C25H52, 
C25), although the degree of error was much larger for the latter (0.960 ± 0.0643 and 
0.973 ± 0.312 x 10-8 mol g-1, respectively). Lower concentrations of n-tricosane 
(C23H48, C23), n-tetracosane (C24H50, C24), n-hexacosane (C26H54, C26) and n-
octacosane (C28H58, C28) were present (0.388 ± 0.0886, 0.323 ± 0.0250, 0.370 ± 




Figure 12 Concentrations of extracted straight-chain alkanes from (a) plantation and 
(b) agricultural soil extracts. Labels refer to the number of atoms in the carbon chain. 
 
Seven long-chain saturated alkanes were also detected in the Soxhlet extract of the 
agricultural soil (Figure 12b). These included n-henicosane (C21H44, C21), n-tricosane 
(C23), n-pentacosane (C25), n-hexacosane (C26), n-heptacosane (C27), n-octacosane 
(C28) and n-nonacosane (C29). The most abundant species from this group was n-






































tricosane, n-pentacosane and n-heptacosane were observed (0.752 ± 0.00645, 0.735 ± 
0.0224 and 0.825 ± 0.0172 x 10-8 mol g-1, respectively). Lower concentrations of n-
henicosane, n-hexacosane and n-octacosane were obtained (0.597 ± 0.00408, 0.341 ± 
0.0281 and 0.523 ± 0.144 x 10-8 mol g-1, respectively).  
2.2.8 Specific Alkanes (Sonication): 
The sonication method extracted the same alkanes from the plantation soil as the 
Soxhlet method (Figure 12a). A similar trend was also observed in the relative 
concentrations, with the three most abundant alkanes being n-nonacosane (C29), 
followed by n-heptacosane (C27) and n-pentacosane (C25), respectively. However, 
the concentrations of these three alkanes were considerably lower (C29: 0.796 ± 
0.0723, C27: 0.649 ± 0.0660 and C25: 0.375 ± 0.0616 x 10-8 mol g-1) than those 
extracted using the Soxhlet method. The compounds n-tricosane (C23), n-tetracosane 
(C24), n-hexacosane (C26) and n-octacosane (C28) were also present in lower 
quantities (0.234 ± 0.0445, 0.229 ± 0.0527, 0.302 ± 0.0266 and 0.321 ± 0.126 x 10-8 
mol g-1, respectively). By contrast, no alkane species were observed from the 
sonication extracts of agricultural soil. 
2.2.9 Specific Alkanes (ASE): 
ASE of plantation soil recovered a smaller number of alkanes (Figure 12a) than the 
Soxhlet and sonication methods (n-nonacosane (C29), n-octacosane (C28), n-
heptacosane (C27), and n-pentacosane (C25)). However, the trends remained the same, 
with n-nonacosane (C29) being the most abundant, followed by n-heptacosane (C27) 
then n-pentacosane (C25). Although ASE recovered a smaller number of alkanes, n-
pentacosane (C25) was obtained in a similar (0.706 ± 0.0421 x 10-8 mol g-1) 
concentration, and n-nonacosane (C29), n-octacosane (C28) and n-heptacosane (C27) 
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in higher concentrations (3.09 ± 0.0409, 0.683 ± 0.0441 and 1.36 ± 0.0872 x 10-8 mol 
g-1, respectively), to that obtained with Soxhlet extraction.    
A similar amount of n-nonacosane to that present in the Soxhlet extracts was obtained 
from the ASE extracts (0.873 ± 0.0921 x 10-8 mol g-1) of agricultural soil (Figure 12b). 
Furthermore, a minor amount of n-heptacosane (0.160 ± 0.000293 x 10-8 mol g-1) was 
present in the ASE extracts of the agricultural soil. 
2.2.10 Specific Alcohols (Soxhlet, Sonication and ASE): 
Two saturated long-chain alcohol species were detected in the Soxhlet extracts of the 
plantation soil in approximately equal concentration (Figure 13a). These species were 
octadecanol (C18H38O, C18OH, 0.613 ± 0.0118 mol g
-1) and tetracosanol (C24H50O, 
C24OH, 0.541 ± 0.138 x 10-8 mol g-1). Tetracosanol was identified in the ASE extract 
(1.03 ± 0.0100 x 10-8 mol g-1) at a higher concentration compared to the Soxhlet 
extract, whereas octadecanol was not observed in the ASE extract. No alcohol species 




Figure 13 Concentrations of extracted straight-chain alcohols from (a) plantation and 
(b) agricultural soil extracts. Labels refer to the number of atoms in the carbon chain. 
 
For the agricultural soil, four saturated alcohol species were observed in the Soxhlet 
extracts (Figure 13b). Octadecanol was the most abundant species, obtained in a 
concentration more than double (1.40 x 10-8 mol g-1) any of the other three alcohol 
species. Tetradecanol (C14H30O, C14OH), eicosanol (C20H42O, C20OH) and 


































0.478 ± 0.00234 and 0.547 ± 0.0581 x 10-8 mol g-1, respectively). Tetradecanol and 
octadecanol were observed in the sonication extracts (0.350 ± 0.0258 and 0.289 ± 
0.0474 x 10-8 mol g-1, respectively). However, no alcohol species were observed in the 
ASE extracts of the agricultural soil. 
2.2.11 Specific Steroids (Soxhlet, Sonication and ASE): 
The steroid species reported have the highest GCMS database matches. However, 
these may be derivatives of those presented (e.g. carbonyl rather than alcohol or alkene 
rather than alkane functionally, and methyl or ethyl branched groups in different 
positions). Four steroid species were detected in the plantation soil Soxhlet extracts. 
These were cholesta-4,6-dien-3-ol (Figure 14, 1), beta-sitosterol (Figure 14, 2), beta-
saccharostenone (Figure 14, 3) and sitostenone (Figure 14, 4). The most abundant of 
these four steroids was beta-sitosterol (1.76 ± 0.277 x 10-8 mol g-1). Cholesta-4,6-dien-
3-ol, beta-saccharostenone and sitostenone appeared in lower and approximately equal 




Figure 14 Chemical structures of (1) cholesta-4,6-dien-3-ol, (2) beta-sitosterol, (3) 
beta-saccharostenone, (4) sitostenone and (5) stigmasterol. 
 
Three of the steroids were observed in the sonication extracts of plantation soil (Figure 





























± 0.0546 x 10-8 mol g-1, respectively) were detected with similar concentrations to 
those in the Soxhlet extract, whereas the beta-sitosterol concentration was detected 
with less than half the concentration (0.545 ± 0.134 x 10-8 mol g-1) to that observed in 
the Soxhlet extract. 
 
 



































By contrast, only sitostenone was observed in the ASE extract of the plantation soil 
(Figure 15a). However, the concentration of sitosterone (1.27 ± 0.0539 x 10-8 mol g-1) 
was higher than that in the Soxhlet or sonication extracts.  
Soxhlet extraction of agricultural soil revealed two steroid species (Figure 15b), 
stigmasterol (Figure 14, 5) and beta-sitosterol. These compounds were detected in 
similar concentrations (1.50 ± 0.189 and 1.71 ± 0.195 x 10-8 mol g-1). No steroid 
species were observed in the sonication extracts of the agricultural soil. However, low 
concentrations of beta-saccharostenone and sitostenone were detected in the ASE 
extracts (0.520 ± 0.0140 and 0.560 ± 0.0900 x 10-8 mol g-1, respectively). 
2.3 DISCUSSION: 
2.3.1 Efficiency Testing on Laboratory Standards: 
The Soxhlet method was found to be effective at extracting saturated acids and steroids 
but less effective for alcohols and alkanes. In comparison, ASE was the only method 
that extracted a significant amount of saturated alkane from the laboratory soil 
standards. The sonication method was not particularly effective at extracting 
quantitative amounts of the organic species in the loaded samples, with the exception 
of saturated acids. Alkane extraction was possibly hindered due to the polar solvent 
mixture (isopropanol/ammonia). No method was effective at extracting saturated 
alcohols.  As with alkanes, the polar solvent may in-part also account for the limited 
extraction of alcohols species from the soil samples. Therefore, the development of 
another method may be required to improve the extraction of saturated alcohols. 
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2.3.2 Extraction of Plantation and Agricultural Soils: 
Based on the efficiency testing it might be possible to develop scale factors for specific 
compounds to provide an estimate of the true concentration of these species in a field 
soil sample. However, it is difficult to use the loading tests as a measure of absolute 
concentrations in real soils. Three considerations are proposed to explain this: (i) the 
organic compounds in the laboratory standards are limited to organic coatings on the 
mineral grains, whereas real soils contain both coatings and interstitial organic 
material, (ii) real soils contain a wider range of compounds, resulting in a more 
complex arrangement that may interact differently with the solvent, and (iii) the 
organic arrangement in real soil is formed over a long time and affected by varying 
environmental conditions, whereas the loading process is rapid and performed under 
constant conditions. Thus, while the laboratory-scale loading data is useful for 
examining extraction efficiency, it is not appropriate to apply a scaling factor based on 
this data to compound concentrations in real soils.  
Removal of saturated acids was greatest with the Soxhlet and sonication methods, with 
both methods extracting similar amounts from both the plantation and agricultural 
soils. Thus, the Soxhlet method with IPA/NH3 solvent mixture seems capable of 
removing saturated acids from both the mineral coating and interstitial material. As 
noted above, sonication performed poorly for extraction of hexadecanoic acid from the 
laboratory standards. However, sonication of plantation soil generally resulted in 
increased extraction of long chain saturated acids compared with the Soxhlet method. 
This increase in acid extraction efficiency,  suggests that sonication extraction from 
interstitial matter is favoured over that from the mineral coatings. By contrast, the ASE 
method removed only minor amounts of saturated acids, suggesting a limitation with 
the method for these compounds.  
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The concentration distribution of each acid species was similar between the Soxhlet 
and sonication extracts. However, the degree of amide conversion was higher in the 
sonication extract. In both the plantation soil and agricultural soil extracts, amide 
conversion decreased with increasing carbon chain length (C14 > C16 > C18). The 
ASE method produced the lowest degree of amide conversion, but only removed minor 
amounts of the most abundant saturated carboxylic acids (tetradecanoic and 
hexadecanoic acid from PS, and hexadecanoic acid from AS). This suggests that 
sonication puts more energy into the system compared to heating under reflux, even 
though the sonication periods are much shorter in time. Furthermore, by sealing the 
Schott bottle during the process the ammonia is not quickly boiled off, thereby 
increasing the contact time with the acids. Thus, one advantage of the ASE method is 
the minimisation of compound conversion during extraction, and especially acid-to-
amide conversion.   
By comparison, the Soxhlet method achieved a significantly higher extraction of 
saturated alkanes from both field soils, compared to the laboratory standards. This 
suggests that extraction of alkanes occurred from interstitial material. However, this 
does not explain why the ASE method extracted a similar amount of alkane (compared 
to the Soxhlet method) from PS but not AS. Similarly, the sonication method was able 
to extract some alkane species from PS, but none were observed in the AS extract. 
This may indicate a difference in the organic structuring in these two soils. 
Alternatively, this may be the result of differences in the amount of interstitial matter 
in the two soils, and the ability of each method to extract alkanes from this material 
compared to the mineral coatings. However, given the large amount of alkane 
extracted from AS using the Soxhlet method, the low concentrations observed in the 
ASE and sonication extracts are likely due to difficulties with positive identification 
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(i.e. database matches < 85%). This cut-off is also likely why no steroid species were 
identified in the AS sonication extract, and no alcohol species were observed in the PS 
sonication extract and AS ASE extract. Therefore, to increase the concentrations of 
these species in the extracts, it may be beneficial to use a larger quantity of soil when 
carrying out extractions via the sonication and ASE methods. 
The alkanes identified in the PS soil match those reported from Eucalyptus globulus 
leaf waxes by Horn et al. (1964). The trend in relative alkane concentrations in this 
study are also in agreement with those in Horn et al (1964). However, three compounds 
identified in this study (retention times: 49.4, 51.0 and 54.3 mins) were classified as 
saturated long-chain alkanes by GCMS database matching, but the specific identity of 
these compounds could not be determined. The long retention times of these 
compounds suggests that they have carbon chain lengths > 29, with the two peaks 
(retention times: 49.4 and 51.0 mins) likely being associated with either n-triacontane 
(C30) and n-hentriacontane (C31) (Horn et al., 1964), or n-tritriacontane (C33) 
(Atanassova and Doerr, 2011). A series of unidentified alkanes were also present in 
the AS extracts (retention times: 27.3, 35.0, 48.1 and 50.9 mins).     
The sonication method extracted small amounts of each alkane species from PS, but 
none were identified from the AS extract. The ASE method only extracted the most 
abundant alkanes from the two soils. The number of alkane species assigned in the 
sonication and ASE extracts could be increased by lowering the GCMS database 
matching threshold. However, without positive confirmation using standards there 
would be some uncertainty in the assignment of these compounds. Thus, the sonication 
and ASE methods are not reliable ways of examining soil alkane concentrations 
without additional procedures being added. Again, this may be improved by increasing 
the amount of soil extracted.  
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An advantage of the Soxhlet extraction and ASE methods is that the extract loaded 
solvent becomes physically separated from the soil sample during the procedure. Thus, 
post-extraction repellency measurements of the soil can be made to identify changes 
in repellency as a result of extraction. This is not the case with sonication as the extract 
loaded solvent remains in contact with the soil during the extraction process and is 
subsampled. Therefore, post extraction repellency testing of the soil does not reveal 
any meaningful differences.  
Regardless of the method used, GCMS analysis can make characterisation of saturated 
compounds difficult. This is in part a problem with the instrument signal (i.e. 
compound concentration) and not being able to clearly identify the molecular ion. 
Furthermore, the similarity in fragmentation patterns can lead to uncertainty in positive 
identification. Therefore, without a database matching cut-off, compound 
characterisation would be extremely time-consuming and require many commercial 
standards. Additionally, even studies that do report cut-off values will likely have some 
variance in the chain-length of the reported compounds if standards have not been used 
for confirmation. Studies that do not report cut-off values or use standards for saturated 
compounds, relying on interpretation of fragmentation patterns and GC retention times 
(Atanassova and Doerr, 2010; Hansel et al., 2008), are likely only estimating the chain-
lengths of saturated compounds.  
Despite the overall poorer extraction efficiencies of sonication and ASE, these 
methods have the advantage of high throughput. Therefore, development of ASE and 
sonication methods would be very useful for future studies of water repellent soils. 
Increasing the extraction efficiency of either of these methods so that extraction 
quantities are at least nearing those of the Soxhlet method would greatly enhance the 
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number of samples that could be extracted. This could allow concentration gradients 
on field-scale to be determined, and other large-scale studies to be carried out much 
more quickly. Alternatively, utilising scaling factors to adjust concentration values to 
be comparable with those in Soxhlet extracts is a possible way forward, although this 
was out of the scope of this study.  
2.4 CONCLUSION: 
Identification and quantification of organic material in water repellent soils is 
important for understanding the mechanisms leading to water repellency in real soils. 
To achieve this goal a reliable solvent extraction method is required to isolate organic 
compounds from inorganic material. Of the three methods trialled in this study, the 
Soxhlet method extracted the highest total organic material, followed by the sonication 
and ASE methods. Soxhlet extraction proved to be very effective at isolating 
hexadecenoic acid, hexadecanol and cholesterol from the loaded AWS samples. 
Furthermore, Soxhlet extraction was the only method from which all four compound 
classes were identified from both field soils. This is due in part to extraction occurring 
from both the mineral coatings and interstitial material.  
The sonication method gave comparable results to Soxhlet extraction for removing 
total organic material from the field soils. However, although a similar level of 
saturated carboxylic acids was extracted from the mineral coatings and interstitial 
matter, sonication did not prove to be effective at removing alkanes, alcohols or 
steroids. Nevertheless, development of a sonication method for the extraction of these 
compounds would be beneficial for future studies because of the higher throughput of 
samples, compared to the use of Soxhlet apparatus.   
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The ASE method extracted the highest amount of hexadecane from the loaded AWS 
samples, and extracted comparable (to the Soxhlet method) alkane content from the 
plantation soil. However, extraction of acids, alcohols and steroids from real soils with 
the ASE method was poor. These results, coupled with the low extraction of total 
organic material from both plantation and agricultural soils, shows that the ASE 
method used in this study performed the worst.  
Therefore, of the three methods tested in this study, the Soxhlet method was the most 
effective method for extracting significant amounts of the compounds of interest 
(saturated long-chain carboxylic acids, alkanes, alcohols, and steroids) for quantitative 
analysis of water repellent soils.  
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Chapter 3: Abundance of 
saturated long-chain carboxylic acids, 
alkanes, alcohols and steroids in water 
repellent soils 
Abstract: 
Soil water repellency is associated with the soil organic material. However, not all 
organic compounds found in soil contribute to SWR. Thus, the use of certain 
compound classes as predictors may be useful for monitoring changes in repellency. 
In this study, the concentrations of saturated carboxylic acids, alkanes, alcohols and 
steroids in field soil were identified to have a significant relationship with MED 
measurements. However, strong linear or log correlations were not observed. Alkane 
concentration, while not effective at inducing repellency itself, produced the strongest 
Log. fit as a single compound class and in combination with alcohol concentration. 
Furthermore,  the concentrations of several of these classes of compounds in field soils 
were observed to change with season (Summer vs Winter). , In particular, alkane, 
alcohol and steroid concentrations were much higher in the Summer samples (2.5, 1.5 
and 1.5 times higher, respectively) compared with the Winter samples. Thus, it is 
proposed that these compound classes are important for the enhancement of SWR, 
Although carboxylic acids are known to have a high efficacy for inducing SWR, the 
concentration of these compounds remained similar across both seasons. Therefore, it 
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is proposed that carboxylic acid concentration provides a baseline degree of 
repellency.  
3.1 INTRODUCTION 
Several organic compounds are suspected to induce SWR, either as single species or 
in combination with other species due to synergistic effects. Carboxylic acids and 
derivatives (amides and methyl esters) are known to induce repellency in soils 
(Atanassova and Doerr, 2010; Atanassova and Doerr, 2011; Horne and McIntosh, 
2000; Llewellyn et al., 2004; Mao et al., 2014; Mao et al., 2015; Morley et al., 2005). 
Loading experiments on acid-washed sand have also confirmed that palmitic acid 
(Daniel et al., 2019; Uddin et al., 2017) and stearic acid (Mainwaring et al., 2013) are 
two of the most effective compounds for inducing water repellency. Long-chain 
alcohols are also suspected of inducing repellency (Mao et al., 2014; Walden et al., 
2015), although higher concentrations than the corresponding acids appear to be 
necessary (Daniel et al., 2019; Uddin et al., 2017). Long-chain alkanes alone do not 
induce repellency, but have been found to enhance repellency in combination with 
carboxylic acids (Mainwaring et al., 2013). Steroid species are also suspected of 
inducing repellency in real soils (Morley et al., 2005), and been shown to make acid-
washed sand water repellent when heated (Mainwaring et al., 2013). By contrast, low 
molecular-weight compounds are been found to not induce repellency on acid-washed 
sand (Uddin et al., 2017). Therefore, the four compound classes that should be most 
useful for predicting SWR are carboxylic acids, alkanes, alcohols and steroids. This 
hypothesis was examined by determining the concentrations of these compounds in 
several soils and comparing it to the respective repellency measurements. In addition, 
compound concentrations were compared for soil samples collected from the same 
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location in different seasons during the (Winter and Summer) seasons to identify if 
changes occurred.   
3.2 METHODS 
3.2.1 Materials 
Dichloromethane (Fisher Chemical, AR). Methanol (VWR Chemicals, 100%), 
dodecane (Fluka Australia, analytical standard), isopropanol (VWR Chemicals, 
99.8%) and ammonia (Chem-Supply, 30% solution) were used, as supplied. 
3.2.2 Soil Samples 
Soil samples were collected from bushland (n = 3) and agricultural (n = 17) sites 
around Western Australia by firstly removing the top debris and leaf litter then 
collecting the top 10 cm of soil and storing it in plastic sample bags. Soil samples from 
a Western Australian farm were also collected from the same area in the Summer (n = 
3) and Winter (n = 3) seasons to identify changes in organic composition. 
3.2.3 Molarity of an Ethanol Drop (MED) Testing 
Severity of water repellency was determined using the MED test. Solutions of dilute 
ethanol were made with concentrations ranging from 0 to 4 mol L-1 in 0.2 mol L-1 
increments in 10 mL volumetric flasks. Drops (15 µL) of the prepared solutions were 
then applied to each soil sample, starting with the lowest concentration, until an 
infiltration time of ≤ 3 seconds was observed.  
3.2.4 Solvent Extraction 
For analysis of compound abundance in the water repellent soils (n = 20), Soxhlet 
extraction was performed using an isopropanol/ammonia (7:3) mixture as the 
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extraction solvent. Approximately 30 g of accurately weighed bushland or agricultural 
soil was placed into a glass-fibre thimble and soaked for 15 minutes in the solvent 
mixture. Then 200 mL of the solvent was added to a round-bottom flask and the 
Soxhlet with sample, condenser and drying tube were fitted. The solvent was heated 
under reflux and the extraction performed for 24 hours.  
A modified extraction procedure was adopted for the subset of Winter and Summer 
agricultural soil samples. These soil samples were extracted via a sequential Soxhlet  
extraction method, outlined by Mao et al. (2014). Approximately 30 g of accurately 
weighed soil was used for each extraction. Initial extractions were performed using a 
solvent mixture of 9:1 v/v dichloromethane/methanol for 24 hours. After solvent 
collection, the soil samples were extracted again using 7:3 v/v isopropanol/ammonia. 
For all samples, the solvent was removed from each extract by evaporating to dryness 
using a rotary-evaporator under reduced pressure (260 mm Hg). 
3.2.5 Gas Chromatography Mass Spectrometry (GCMS) Analysis 
Each extract was reconstituted in 5 mL of dichloromethane/methanol (2:1 v/v) spiked 
with an internal standard (dodecane, 6.6 x 10-4 mol L-1). GCMS analysis was carried 
out using a Shimadzu GC-2010 and GCMS-QP2010S, equipped with an SGE GC 
BPX5 column (Trajan). The GC parameters used were: column oven temperature = 
60.0 oC, injection temperature = 310 oC with splitless injection, carrier gas = He, flow 
control mode = linear velocity, pressure = 9.3 psi, total flow = 5.2 mL/min, and a split 
ratio of 1.0. A temperature gradient was used throughout each chromatographic run. 
The initial oven temperature was 60 oC, held for 1 min. The temperature was then 
ramped to 100 oC  at 30 oC min-1, then held at this temperature for 1 min before being 
ramped again to 300 oC at 4 oC min-1, then held at this final temperature for 15 min. 
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Duplicate injections were carried out for each sample. Compound identification was 
carried out by m/z fragmentation analysis, with NIST library database matching, and 
confirmation using known standards in selected cases. Compound abundance was 
calculated as the number of moles per gram of soil.  
3.3 RESULTS 
3.3.1 MED and Compound Class Relationships 
MEDs of fields samples were measured, and the samples were prepared for extraction 
of organic compounds. Following extraction of field soils, the concentrations of 
compounds belonging to the four key classes (carboxylic acid, alkane, alcohol and 
steroid) were determined. Long-chain (C14 – C26) saturated carboxylic acids were 
identified as pure substances and as amide and methyl ester derivatives. Odd over even 
chain lengths were mostly observed, with pentadecanoic acid (C15) being the only 
exception. The concentrations of the acids and derivative compounds were combined. 
Long-chain saturated alkanes (C23 – C36) and alcohols (C14 – C24) were identified. 
Identified steroid species were primarily sitosterol (plant), stigmasterol (plant) and 
cholesterol (animal) derivatives. A library matching cut-off of 75% was used for 
determining acid (and derivative), alkane and alcohol compound class, whereas 60% 
was used for steroid identification. These percentages are lower than those used in the 
previous chapter due to specific compound identification not being used, but rather 
only needing compound class identification. The steroid cut-off percentage is much 
lower due to difficulties in specific compound matching; however, this was chosen as 
satisfactory due to the distinctive sterol backbone. 
Palmitic acid was the most abundant long-chain saturated carboxylic acid in all of the 
soil extracts. However, the degree to which palmitic acid was more abundant than the 
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other acids varied greatly across the samples. For alkanes, the most abundant 
compound varied between n-hexacosane (C26), n-heptacosane (C27) and n-
octacosane (C28). No consistency was identified for saturated alcohol abundance 
among all the samples, with some extracts having 2 or three alcohol species in similar 
concentration, whereas in others, one alcohol species was the most abundant. 
Similarly, for steroids, in some samples beta-sitosterol or cholesterol were the most 
abundance, but mostly the steroid components consisted of numerous derivatives in 
similar concentrations. This made comparisons of individual species meaningless 
across this group of samples.  
The MED values of the field samples were then plotted against the extract 
concentrations for the four compound classes (Figure 16). In general, the MEDs 
increased with compound concentration for all four classes. Significant relationships 
between MED and the abundance of saturated long-chain acids (p < 0.02), alkanes (p 
< 0.01), alcohols (p < 0.01) and steroids (p < 0.05) were observed. MED values had 
an uncertainty of ± 0.2 mol L-1. 
Generally, the MEDs exhibited poor linear correlations with concentration for 
individual classes of compounds (R2 = 0.23 - 0.44). From these analyses, steroids 
exhibited the poorest fit while alkane concentration provided the best linear fit (R2 = 
0.44) with SWR (MED) (Figure 16).   Fitting the data to a logarithmic relationship led 
to slight improvements in correlation with R2 values ranging from 0.24 to 0.60. Again, 
steroid concentrations exhibited the weakest correlation (R2 = 0.24) and alkanes the 
strongest correlation (R2 = 0.60).   
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Figure 16 Relationship between water repellency and abundance of carboxylic acids, 
alkanes, alcohols and steroids.  
 
There is significant scatter of the data points particularly at low concentrations. For 
example, multiple samples contained carboxylic acids with total concentrations of 0.23 
– 0.55 x 10-7 mol g-1. However, the MEDs for these samples ranged from 0 M to 2.25 
M 
Combining data for pairs of compound classes improved the linear (R2 = 0.32 - 0.41) 
and log (R2 = 0.35 - 0.59) correlations between MED and compound concentration. In 
particular, the combination of carboxylic acids with alkanes had a linear correlation 
with R2 = 0.38 and the combination of alcohols with alkanes had a log correlation with 
R2 = 0.59 (Figure 17). However, these correlations are largely due to the already noted 
good performance for alkanes, since both values are close to but slightly lower than 
the corresponding values for alkanes alone. The combination of carboxylic acids with 
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Figure 17 Relationship between water repellency (MED) and concentrations of binary 
mixtures of carboxylic acids-alkanes, carboxylic acids-alcohols, carboxylic acids-
steroids and alcohols-alkanes. 
 
Increasing the number of compound class concentrations used did not vastly improve 
the linear or Log. correlations with MED. Although combining the concentrations of 
the four compound classes generally improved the linear relationship to MED (p < 
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Figure 18 Relationship between water repellency and the sum of the abundances of 
(left) carboxylic acids, alkanes, alcohols and (right) carboxylic acids, alkanes, alcohols 
and steroids.  
 
3.3.2 Seasonal Variation in Compound Concentration 
A subset of 37 compounds for the DCM/MeOH extraction and 21 compounds for the 
IPA/NH3 extraction was generated by satisfying two criteria: (i) each compound is 
present in both the Summer and Winter soil samples, and (ii) each compound had a 
database percentage match of ≥ 85%.  
The 37 most abundant compounds isolated via the initial dichloromethane/methanol 
extraction are presented below (Figure 19). Many of the compounds are cyclic 
hydrocarbons or aromatic compounds with little or no polar functionality. The only 
saturated long chain acid and alcohol species observed were, hexadecanoic acid (C16) 
and octacosanol (C28), respectively. Two straight-chained alkanes were identified in 
eicosane (C20) and dotriacontane (C32). Within the class of steroid compounds, 
several stigmasterol derivatives were identified in the extracts.  
Many of these compounds were in approximately equal abundance in both seasonal 
samples. However, eicosane (compound # 25) was observed in the Summer samples 
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0.382 x 10-7 and 0.735 x 10-7 ± 0.0122 x 10-7 mol g-1, respectively). Similarly, the trans 
amide 13-Docosenamide, (Z)- (compound # 23) and a stigmasterol derivative 
(compound # 34) were found in higher concentrations in the Summer sample, 
compared to the Winter sample.      
 
Figure 19 Concentrations of the 37 most abundant organic compounds extracted by 
dichloromethane/methanol. 
 
The combined concentrations of the compounds for each of the four classes of interest 
are presented in Table 3. A single alcohol (octacosanol) was isolated from both the 
Winter and Summer samples using dichloromethane and methanol as the extraction 
solvent. The concentration of octacosanol in the Winter sample was lower  than in the 




























































































































































































































































































































































































concentrations of the combined alkanes and the combined steroids, respectively, were 
lower in the Winter samples than in the Summer samples.  Only a single long chain 
acid (hexadecanoic acid) was isolated using dichloromethane/methanol and its 
concentration was the same in the Winter and Summer extracts. The combined total 
concentration of the four key compound classes was higher in the Summer samples 
compared to the Winter samples.  
Table 3 Combined concentrations of saturated long-chain carboxylic acids (and 
derivatives), alcohols, alkanes and steroids in the dichloromethane/methanol extracts 
of the Winter and Summer samples.  
 Winter 
(mol g-1 of soil x 10-7) 
Summer 
(mol g-1 of soil x 10-7) 
Acids (and derivatives) 0.40 ± 0.04 0.40 ± 0.02 
Alcohols 0.29 ± 0.01 0.40 ± 0.05 
Alkanes 1.2 ± 0.1 3.0 ± 0.4 
Steroids 2.0 ± 0.3 3.0 ± 0.4 
Total 3.8 ± 0.5 6.8 ± 0.9 
 
From the subsequent isopropanol/ammonia extraction, 21 compounds were isolated 
(Figure 20). Similarly, to the previous dichloromethane/methanol extraction, most 
compounds were found to be present in approximately equal concentrations in both 
seasons. The most abundant compounds were carboxylic acids. However, with the 
exception of octadecanoic acid, most of the carboxylic acids were isolated as their 
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methyl ester and amide derivatives as a result of the extraction process. Consequently, 
more acid derived compounds were identified using the isopropanol/ammonia solvent 
mixture than the dichloromethane/methanol mixture, with dodecanoic acid (C12), 
tetradecanoic acid (C14), pentadecanoic acid (C15), hexadecanoic acid (C16) and 
octadecanoic acid (C18) being identified. Two peaks in the chromatogram 
(compounds 17 and 18) were identified as hexadecanamide but this is likely due to 
band splitting.   
 























































































































































































































































The isopropanol/ammonia extraction removed noticeably less material than the initial 
dichloromethane/methanol extraction. Furthermore, no alkane species were identified 
from the isopropanol/ammonia extraction.  
The combined concentrations of the acid species from the isopropanol/ammonia 
extracts showed no difference between the Winter and Summer samples (Table 4). 
However, the concentrations of the isolated alcohol and steroid species revealed higher 
abundances in the Summer samples compared to the Winter samples (Table 4). The 
combined total abundance of all four compound classes (saturated long-chain acids, 
alcohols, alkanes and steroids) was very similar in both the Winter and Summer 
samples in the isopropanol/ammonia extract (Table 4).   
Table 4 Combined concentrations of saturated long-chain carboxylic acids (and 
derivatives), alcohols, alkanes and steroids in the isopropanol/ammonia extracts of the 
Winter and Summer samples.  
 Winter 
(mol g-1 of soil x 10-7) 
Summer 
(mol g-1 of soil x 10-7) 
Acids (and derivatives) 0.47 ± 0.05 0.44 ± 0.06 
Alcohols 0.017 ± 0.004 0.037 ± 0.01 
Alkanes 0 0 
Steroids 0.027 ± 0.002 0.045 ± 0.01 
Total 0.51 ± 0.06 0.53 ± 0.08 
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Given that saturated long-chain carboxylic acids (and derivatives), alcohols and 
steroids were isolated from both extractions, it was useful to also consider the total 
sum of the concentrations from both extractions (Table 5). The Summer samples 
contained higher abundance of saturated long-chain alcohols, alkanes and steroids than 
the Winter samples. In comparison, acid concentration remained similar in both the 
Winter and Summer samples. Thus, the combined total of these four compound classes 
was considerably greater in the Summer samples compared to the Winter soil samples 
(7.3 x 10-7 and 4.3 x 10-7 mol g-1 of soil, respectively). 
Table 5 Combined concentrations of saturated long-chain carboxylic acids (and 
derivatives), alcohols, alkanes and steroids from the dichloromethane/methanol and 
isopropanol/ammonia extracts of the Winter and Summer samples.  
 
Winter 
(mol g-1 of soil x 10-7) 
Summer 
(mol g-1 of soil x 10-7) 
Acids (and derivatives) 0.87 ± 0.09 0.84 ± 0.08 
Alcohols 0.31 ± 0.01 0.43 ± 0.06 
Alkanes 1.2 ± 0.1 3.0 ± 0.4 
Steroids 2.0 ± 0.3 3.0 ± 0.4 





Significant relationships existed between MED and the concentrations of each of the 
four classes of compounds investigated. However, attempts to fit the data for each class 
separately to linear or log relationships resulted in only weak correlations. Therefore, 
while studies have shown that individual compounds can induce water repellency on 
acid-washed sand (Daniel et al., 2019; Mainwaring et al., 2013; Uddin et al., 2017), 
the organo-organo interactions (both synergistic and disruptive) are important 
considerations for developing predictive SWR models. Thus, the use of a single 
compound class as a repellency predictor is not a robust approach. Mao et al. (2014) 
and de Blas et al. (2010) report the same conclusions regarding the use of individual 
compound classes as SWR-predictors, noting that the complexity of the soil matrix 
inhibits this approach. Thus, in the studies by Mao et al. (2014) and de Blas et 
al.(2010), broader categories of compounds such as suberins and humic/fumic acids 
were used to investigate correlations to SWR. However, Mao et al. (2015) proposes 
that alcohol concentration can be used as a suitable SWR predictor of topsoils, whereas 
a combination of saturated acids and alcohols is suitable for subsoils, and later, Mao 
et al. (2016) propose that long-chain saturated carboxylic acids are suitable SWR-
predictors for soils in ecosystems which do not contain multiple vegetation species. 
Thus, it is unlikely that specific compounds are suitable as SWR predictors universally, 
but rather that certain compound classes induce repellency at varying degrees 
depending on the composition, concentrations, soil type and environment. 
The strongest Log. relationships between MED and compound concentration occurred 
for alkanes followed by the combination of alcohol with alkane concentration (R2 = 
0.60 and 0.59, respectively). The general form of the MED vs concentration data 
follows a  similar pattern to the protein adsorption isotherms reported by Latour (2015) 
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. Latour showed that proteins change orientation from lateral/semi-tilted to 
perpendicular with increasing concentration. Therefore, it may be speculated that a 
similar change in orientation occurs involving the saturated long-chain compounds 
that induce repellency in soil. However, a major discrepancy in this comparison is the 
difference in molecular weight between proteins and the compounds investigated in 
the current study. Thus, a much higher concentration of the saturated long-chain 
compounds would be necessary to occupy the surface adsorption sites, compared to 
proteins. However, the difference in molecular size would also affect the degree of 
steric freedom, which would determine the likelihood of re-orientation of the 
molecules, and the number of binding functional groups. The smaller size of the 
compounds in this study is likely to provide greater steric freedom and less binding 
strength.  
Both alkane concentration and the combination of the concentrations of all four 
compound classes (carboxylic acid, alcohol, alkane and steroid) had the strongest 
linear relationship with SWR (R2 = 0.44 and 0.43, respectively). The enhancing effect 
of alkanes on increasing SWR in mixtures with carboxylic acids is confirmed by the 
strengthening of the carboxylic acid and alcohol relationships with repellency when 
alkane concentration is included in the binary systems. This finding is in agreement 
with similar findings of Mainwaring et al. (2013) and Uddin et al (2019). However, 
the relationships between these binary mixtures and SWR are still weaker than alkane 
concentration individually. The combined alcohol-alkane concentration is dominated 
by the alkane concentration, with alcohol concentration varying between 1 – 40% of 
the alkane concentration, thus resulting in the alkane concentration biasing the 
relationship with SWR. However, in the combined acid-alkane concentration, the acid 
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concentration is on average 120 % of the alkane concentration, suggesting that the 
addition of alkanes does enhance SWR.  
The SWR relationship weakens again when all three compound class concentrations 
(carboxylic acid, alkane and alcohol) are combined. This may suggest that carboxylic 
acid and alcohol molecules compete for mineral surface sites. The combination of all 
four compound classes improved the linear relationship but weakened the Log. fit. 
However, neither the linear nor Log. fit was strong, suggesting that compound 
concentration as a lone factor is not suitable for explaining SWR. 
The concentrations of alcohol species were approximately 1.4 times greater in the 
Summer sample compared to the Winter sample. Furthermore, the Summer sample 
also contained ~2.5 times more alkane species and ~1.5 times more steroid species, 
compared to the Winter sample. Thus, the amount of water repellency inducing 
compounds is greater in the Summer sample, when repellency is at its highest, 
compared to the Winter sample, when repellency is at its lowest.  However, the 
carboxylic acid concentration was approximately the same during both seasons. This 
may suggest that the acid compounds are not removed during wetting, either due to 
protection from other compound classes or chemical binding to the mineral surfaces. 
This could cause a baseline of repellency that is enhanced by the addition of the other 
compound classes.  
The initial DCM/MeOH extraction contributed all the alkane concentration, 91 – 95 % 
of the alcohol concentration and 83 – 99 % of the steroid concentration to the total 
removed. The secondary IPA/NH3 extraction contributed little to the total 
concentrations of these three compound classes. However, the IPA/NH3 extracts 
contributed 53 – 54 % of the acid (and derivatives) concentration to the total. 
Therefore, while little under half the acid concentration was removed via the initial 
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extraction, most of the acids required base-treatment to remove. Atanassova et al. 
(2010) report values of up to 80% for alcohols, >C20 acids and steroids in 
DCM/MeOH soil extracts, and < 60% in IPA/NH3 extracts. However, while the values 
are higher in this study compared to those reported by Atanassova et al., they are 
reasonable given the different extraction methods used (Soxhlet compared to 
accelerated solvent extraction by Atanassova et al.). The use of DCM/MeOH for soil 
extractions is used as a method of removing free lipids (Mao et al., 2014). Thus, it may 
be speculated that the large majority of the alkane, alcohol and steroid compounds 
were present in the free lipid fraction, on the outer layer of mineral coatings. By 
contrast, over 50% of the acids may be suberin-derived, in closer proximity to the 
mineral particles, given that fatty acids are a main component of suberins 
(Kolattukudy, 1981). This speculation would support the concept of the acids 
providing a baseline of water repellency, with the other compound classes enhancing 
the degree of repellency as they accumulate on top of the acid layer.       
3.5 CONCLUSION 
Amphiphilic compounds are commonly identified in water repellent soils and have 
been shown to induce repellency in both real and artificial soils. However, the 
progression of being able to use these compounds as SWR-predictors remains 
unconvincing. In general, MED values increase with the concentrations of long-chain 
saturated carboxylic acids, alkanes, alcohols and steroids, although neither linear nor 
Log. relationships are particularly strong. This is likely a reflection of the complex soil 
matrix and the many interactions involved between organic and inorganic species. 
Seasonal variation of organic class abundance in the Winter and Summer soil samples 
showed the acids to be particularly recalcitrant, whereas higher concentrations of 
alkanes, alcohols and steroids were identified in the Summer samples.   
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Chapter 4: Investigation of 
neutral organo-mineral systems – A 
combined experimental and computational 
study 
Abstract: 
Soil water repellency affects vast regions of agricultural and native land across the 
globe. Sandy soils are most likely to develop non-wetting characteristics with 
susceptibility decreasing with clay content. This study uses molecular dynamics 
simulations combined with laboratory scale experiments to study the interactions and 
assembly of saturated C16 straight chain alcohol and carboxylic acid molecules on a 
range of soil surfaces. The development of severe water repellency on sand at low 
loading levels of palmitic acid (0.75×10−6 mol g−1) is explained in terms of favourable 
H-bonding with silica surfaces and the development of 2–3 layers of lateral aligned 
organic molecules on the mineral surface. The efficacy of kaolinite in lowering SWR 
is attributed to the higher surface area of this mineral and favourable surface chemistry, 




Soil water repellency has been observed around the world, under different climates 
and land uses (DeBano, 1981; Dekker and Ritsema, 1994), including reports in 
Canada, USA, Colombia, South Africa, Egypt, Poland, Portugal, India and Japan 
(Jaramillo et al., 2000). Australia also has many regions affected by SWR, with an 
estimated two to five million hectares affected by hydrophobic soils in southern 
Australia (Blackwell, 1993; Oades, 1992). Soil hydrophobicity is a concern for 
agricultural areas where many farms are reliant on rainfall for crop growth (Harper et 
al., 2000). Detrimental implications of SWR include increased surface runoff and 
enhanced erosion rates (Dekker and Ritsema, 1994) resulting in diminished soil 
quality, and therefore, reduced crop yields (King, 1981). The problem is further 
compounded by irregular seed germination, which makes it more difficult to manage 
weeds (Harper et al., 2000). 
Sandy soils are the most susceptible to high degrees of SWR, particularly those with 
less than 5% clay content (Harper et al., 2000). It is widely believed that amphiphilic 
compounds cause water repellency in these soils (Doerr et al., 2000), and several 
conceptual models (Diehl, 2013; Doerr et al., 2000; Graber et al., 2009; Horne and 
McIntosh, 2000; Kleber et al., 2007) have been developed that suggest various 
interaction mechanisms between organic compounds and mineral surfaces. In 
particular, it has been proposed that polar functional groups of amphiphilic organic 
compounds have a high affinity for the surface of silicate soil particles due to dipole 
interactions (Mainwaring et al., 2013). Furthermore, the non-polar hydrocarbon 
component of the amphiphilic compounds can only interact weakly with the soil 
surface and any incoming water through van der Waals forces. Therefore, amphiphilic 
compounds are expected to reorientate to maximize the dipole interaction between the 
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hydrophilic end of the organic compound and the polar soil surface. This arrangement 
results in the formation of a hydrophobic barrier, composed of non-polar hydrocarbon 
tails, between the incoming water and the soil surface. Long-chain carboxylic acids 
are commonly reported compounds identified in water repellent soils (Atanassova and 
Doerr, 2011; Horne and McIntosh, 2000; Llewellyn et al., 2004; Morley et al., 2005). 
Mainwaring et al. (2013) found that the application of octadecanoic acid to acid-
washed sand induced extreme repellency at concentrations ≥ 0.57 x10-6 mol g-1. 
Recently, Mao et. al. (Mao et al., 2015) reported higher concentrations of alcohols in 
more repellent soils. 
Soils with clay contents of greater than 10% exhibit negligible SWR (Harper and 
Gilkes, 1994). Walden et al. (2015) reported a marked decrease in SWR of field 
samples with increasing clay content. However, Crockford et al. (1991) and Dekker 
and Ritsema (1996) reported that if the clay forms aggregates, thus reducing the 
surface area, soils with 25% to 40% clay can also exhibit extreme water repellency. 
Therefore, a molecular level understanding of the surface interactions in these systems 
is required to shed some light on this discrepancy. Heating can also play a role in the 
dynamics of SWR, which may be the result of changes in molecular orientations of 
organic molecules on the sand grain surfaces (Mainwaring et al., 2013). It has also 
been proposed that heating may melt the coatings of long-chain compounds resulting 
in a better distribution of the molecules on the sand surface (Savage et al., 1972). 
The aims of this study were to investigate if the differences in susceptibility of sand 
and clay to SWR (i) are due primarily to particle size, (ii) are the result of differences 
in the surface chemistry of the minerals and (iii) arise from differences in the 
organisation and orientation of the amphiphilic molecules on the different mineral 
surfaces. These aspects were investigated via experimental loadings of sand and 
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kaolinite and through molecular dynamics simulations of organic molecules on model 
mineral surfaces. The organic compounds (1-hexadecanol and palmitic acid) selected 
for this study have previously been identified in hydrophobic soils and provide a 
comparison under consistent experimental conditions (Atanassova and Doerr, 2011; 
Doerr et al., 2005; Franco et al., 2000; Morley et al., 2005).   
Soil organic matter is composed of a complex mixture or many different classes of 
organic molecules and many different compounds within these classes. Petrov et al. 
(2017) developed several complex models of standard Leonardite humic acid that 
consisted of a large number of distinct molecules. They used these models to 
investigate the structure and dynamics of the material at different hydration levels. 
Although the experiments and simulations reported in this study represent idealised 
conditions for the expression of SWR on mineral substrates, there were a number of 
advantages in employing these simple systems. In particular, they enabled isolation of 
specific effects and interactions without having to account for the background effects 
of a complex soil matrix. Furthermore, several studies have obtained inconsistent 
correlations between total soil organic matter content and water repellency (Mataix-
Solera and Doerr, 2004; Mueller and Deurer, 2011; Teramura, 1980). This indicates 
that not all organic compounds in soil are responsible for the induction of water 
repellency and therefore the focus needs to be on the concentrations and interactions 
of specific groups of compounds, rather than the total organic matrix. In this regard, 
aliphatic acids and alcohols have been most widely implicated as the source for SWR 
(Atanassova and Doerr, 2010; Graber et al., 2009; Horne and McIntosh, 2000; 




4.2 MATERIALS AND METHODS. 
4.2.1 Experimental details 
The organic compounds selected for this study were 1-hexadecanol (Aldrich, 99%, 
CAS 36653-82-4) and palmitic acid (Sigma, 99%, CAS 57-10-3). The mineral 
substrates considered in this study were acid-washed sand (AWS) (Chem-supply, LR 
grade, CAS 60676-86-0), kaolinite (Fluka, LR Grade, CAS 1318-74-7) and mixtures 
of AWS (99 – 95 wt %) with kaolinite (1 – 5 wt %). The organic compounds were 
applied to the mineral substrates with loading ranges of 0.25 x 10-6 to 20 x 10-6 mol g-
1, commensurate with previous studies (Mainwaring et al., 2013). Solutions of the 
selected compound were prepared in tetrahydrofuran (Merck, 99.8%, CAS 109-99-9) 
to achieve specific loadings. The loading solutions were then applied to the mineral 
(40 g) in a round bottom flask, thoroughly mixed for 10 min and then the solvent was 
removed with a rotary evaporator at 45°C under reduced pressure (260 mm Hg). 
4.2.2 Measurement of SWR 
The severity of water repellency of each of the loaded samples was assessed using the 
molarity of ethanol droplet (MED) test (King, 1981). A stock solution of 4M ethanol 
(Univar, 99.5%, CAS 64-17-5) was prepared, and solutions were made at 
concentrations between 0 and 4M with increments of 0.2M. For each sample, ~ 20g of 
the mineral substrate with loaded compounds was placed in a petri dish (50 × 10 mm) 
and put into a desiccator for around four hours, to make the sample free from humidity. 
A second sample with the same loading of the compound was placed in an oven at 
105°C for 24 hours. The oven-dried sample was then cooled to room temperature in a 
desiccator with silica as the desiccant. The surfaces of the samples were levelled by 
gently tapping on the bench, and in some cases, a light pressure was applied with a 
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small flat-bottom beaker to make the surface smooth and uniform. Droplets (50 µl) of 
the prepared ethanol solutions were then applied to the surface of the loaded samples 
from 5 mm height, starting from the lowest ethanol concentration. The time required 
for each drop to penetrate the surface was recorded. The lowest concentration for 
which the infiltration time was <10s was considered as the MED value for that sample 
(Walden et al., 2015). 
The persistence of water repellency was determined using the Water Drop Penetration 
Time (WDPT) test. For these tests, AWS and kaolinite were loaded with palmitic acid 
concentrations equating to approximately 0.03 x 10-6 to 1.6 x 10-6 and 1.2 x 10-6 to 6.3 
x 10-5 mol g-1 for AWS and kaolinite, respectively. Specific concentrations of palmitic 
acid were chosen to generate surface densities of 0.1, 1.0, 1.8, 2.3 and 5.0 molecules 
per nm2 of the mineral surface area. Application of the palmitic acid was performed 
using the same method outlined above for MED testing. The WDPT for each sample 
was determined by placing a drop of water (15 µL) onto the surface of the sand/clay 
sample and measuring the time, up to a maximum of 14400 s (4hrs), for complete 
infiltration of the drop into the sample. A substrate was considered slightly water 
repellent if WDPT was greater than 10 s, moderately water repellent if WDPT > 60s, 
strongly water repellent if WDPT > 500 s and severely water repellent if WDPT > 
1000s. 
The specific surface areas of the AWS and kaolinite were determined by BET 
(Micromeritics TriStar II 3020, N2 absorption, bath temperature of 77.350 K, and 
equilibration interval of 15 s). The kaolinite used in this study had a surface area ~38.5 
times greater than the acid washed sand. The experimentally measured surface areas 
of AWS and kaolinite were 0.1981 and 7.624 m2/g, respectively. Consequently, a 
loading of 1 x 10-6 mol g-1 organic compound on AWS will lead to a higher surface 
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density of molecules on the mineral particles than the same loading on kaolinite. To 
account for this, loadings were normalised to number of molecules per nm2 of mineral 
surface area to enable direct comparison of experimental loadings with theoretical 
surface densities used in the Molecular Dynamics simulations. To facilitate 
comparison of calculated surface densities in this study with previous experimental 
studies a conversion of relevant experimental loadings to the corresponding units of 
molecules nm-2 is provided in Table 6. 
Table 6 Comparison of Experimental loading range with molecular surface density. 
 Surface density molecules nm-2 
 0.1 0.5 1.0 1.8 2.3 5.0 15.2 60.8 
  Experimental loading mol g-1 (x 10-6) 
AWS  0.03 0.16 0.35 0.59 0.76 1.64 5.00 20.00 
kaolinite 1.15 6.33 13.1 22.9 29.8 63.4 192 770 
 
4.2.3 Molecular Dynamics Simulations  
The surface of a sand particle was modeled using a cleaved quartz crystal 
structure. The quartz surface cell was rectangular with dimensions of 30.71 x 37.33 x 
18.75 Å as described previously (Uddin et al., 2017). All atoms on the quartz surface 
were constrained. The clay surface was modeled using crystalline kaolinite cleaved 
along a basal plane between two aluminosilicate layers. This process leads to the 
creation of two different surfaces (i) a gibbsite-like aluminosilicate surface (Kaolinite-
Al-OH) and (ii) a silicate-like surface (Kaolinite-SiO) (Tombácz and Szekeres, 2006). 
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No isomorphic substitutions of silicon or aluminium have been incorporated and 
therefore the surfaces of the models are charge neutral. All atoms were constrained in 
these models except for the surface hydroxyl groups of the kaolinite (Al-OH) surface 
that were free to move during the simulations. The cell dimensions for the kaolinite 
surface cell were 30.894 x 35.736 x 20.000 Å in 3D triclinic lattice (: 91.9, 105.0, 
89.8). A weathered sand particle was modeled using an amorphous silica surface based 
on the work of Garofalini and co-workers (Athanasopoulos and Garofalini, 1992; 
Feuston and Garofalini, 1990; Garofalini, 1983; Garofalini, 1986) and has been 
modified as reported previously (Henry et al., 2006), to produce a hydroxylated 
surface.  In the current study, the silica model was prepared with surface hydroxylation 
of 3.1 OH groups per nm2 (50 hydroxyl groups per unit cell area), which represents a 
partially hydrated silica surface. Zhuravlev (1987) reports that a completely hydrated 
silica surface has a silanol density of ~ 5.0 OH groups per nm2.  Following 
optimization, the bulk of the model was geometrically constrained so that only the 
surface hydroxyl groups were free to move during the subsequent simulations. The 
silica surface was placed in a rectangular cell with dimensions of 28.510 x 28.510 x 
18.000 Å. 
Fully atomistic models of hexadecanoic acid (palmitic acid, PA) and hexadecan-1-ol 
(1-HexaOH) were constructed, and different numbers of molecules were added to each 
of the surfaces to represent different surface densities. In particular, we examined 
surface coverages of 0.1, 1.0, 2.3 and 5.0 molecules nm-2. Organic molecules were 
initially placed in an ordered arrangement, perpendicular to the surface with polar head 
groups in close proximity to the surface. The height of each cell was increased, beyond 
that necessary to contain the surface and organic acid chains, to prevent interactions 
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with adjacent cells in the z-direction, due to established 3D period boundary conditions 
(Henry et al., 2006). 
Interatomic potentials were modelled using the COMPASS force field, (Sun, 1998) as 
part of the Forcite module in the Materials Studio suite of programs, which has 
previously been shown to provide a suitable description of polar and non-polar 
interactions at condensed interfaces (Prime et al., 2011; Shaw et al., 2013).  
Coulomb forces were calculated using the Ewald method, and Van der Waals 
interactions were determined using Atom-based summation with a cut-off distance of 
12.5 Å, a spline width of 1.00 Å and a buffer of 0.5 Å. Energy minimization of 
chemical structures was achieved using conjugate gradient procedures. Simulations 
were carried out using the canonical ensemble (NVT) conditions, with 1 – 5 ns 
equilibration, 1 – 10 ns data acquisition and 1 fs time steps. The temperature was set 
at 298 K, monitored using the Anderson thermostat, and a collision ratio of 1.0.  
Water molecules were not included in the simulations to enable identification of 
baseline interactions since moisture content affects SWR measurements and dry soils 
have typically been reported as more hydrophobic than moist soils. The absence of 
water also simplifies the models by mitigating pH effects, such as molecule ionization 
and surface charge, which would otherwise introduce charge effects, and which were 
outside the scope of the present study. The permanent pH independent surface charge 
of the silica face of kaolinite was also ignored, assuming no isomorphous substitution 
had occurred. 
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4.2.4 Analysis Methods for Molecular Dynamics Simulations. 
The simulations used in this study are dynamic, meaning that the atoms are constantly 
moving. However, the snap shots included in the results section provide a graphical 
representation of the equilibrium arrangement of the atoms during the simulations. 
Concentration profiles were used to plot the relative concentration of specified atoms 
or molecules in layers parallel to the planes of the cell. The concentration profiles 
therefore provide a measure of molecular layering and interpenetration of the organic 
and mineral phase. The concentration profiles for the organic and mineral layers were 
determined as described previously (Uddin et al., 2017). Interactions between oxygen 
and hydrogen atoms of the mineral surfaces and organic molecules were identified 
using radial distribution function g(r). The radial distribution function provides a 
measure of the probability that an atom of one specified type (e.g. H atom) will be 
found at distance r from atoms of another specified type (e.g. O atom). Key 
intermolecular interactions such as H-bonding are characterised by a sharp peak in the 
g(r) plot at ~1.8 Å, whereas van der Waals type interactions generally exhibit a more 
gradual increase in g(r) from ~ 3.4 Å. Due to the vacuum separation, the g(r) values 
were normalized to reflect a 2D interface (Prime et al., 2011). The g(r) values for C-C 
and O-H interactions between acid chains were determined from intermolecular 
components, ignoring intramolecular contributions.  
The length distribution is a measure of the probability that the ends of the long chain 
amphiphilic molecules were observed at a particular separation. A large peak at a large 
length value in the length distribution indicates that on average most of the molecules 
are in an extended conformation. In comparison, a broad low magnitude plot in the 
length distribution indicates that the molecules are adopting a wide variety of 
conformations from coiled through to extended, during the simulation. The Mean 
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Squared Displacement is a measure of the mobility of molecules (or specific atoms in 
molecules) during the simulations. Molecules (or atoms) that are weakly interacting 
with an underlying surface, or with other molecules, are free to move about during the 
simulation and therefore have a high mean squared displacement. Alternatively, if a 
molecule (or the atoms of the functional group in a molecule) have a strong interaction 
with the surface or neighbouring molecules, then their movement is hindered, and they 
will have a small mean squared displacement.  
As noted above, radial distribution functions can be used to identify if hydrogen 
bonding is occurring between molecules and the mineral surfaces. However, a further 
advantage of this analysis is the ability to determine the number of specific hydrogen 
bonds each molecule (or functional group) is experiencing at regular time steps during 
the simulation, which then can be averaged over the number of molecules and the time 
of the simulation. A high value for the average number of hydrogen bonds indicates 
that a molecule is simultaneously attracted to a number of nearby functional groups. 
A small value for the average number of H-bonds indicates that there are relatively 
few polar groups near the molecule.     
4.3 RESULTS 
4.3.1 Effects of Organic Loading, Soil Texture and Temperature on Severity of 
SWR. 
Palmitic acid (C15H31COOH) was found to induce water repellency on the acid-washed 
sand, even at low loading levels (< 1 x 10-6 mol g-1) (Figure 21a). Hexadecanol was 




Figure 21 Water repellency (MED) as a function of compound loading for (a) palmitic 
acid (PA) and b) 1-hexadecanol (1-hex-OH) on acid washed sand. 
 
Palmitic acid and 1-hexadecanol were also applied to pure kaolinite to determine their 
effectiveness in inducing repellency on a clay mineral surface. It was found that both 
molecules had an insignificant effect (MED ~ 0 M) at loading ranges 1 x 10-6 to 20 x 
10-6 mol g-1. In the present study, heating AWS samples with low concentrations of 
applied palmitic acid and 1-hexadecanol led to enhanced water repellency (Figure 21a, 
b). This effect was particularly evident for 1-hexadecanol, which was only slightly 
water repellent (MED = 1.0 M) at a loading of 5 x 10-6 mol g-1 but became severely 
repellent (MED = 3.6 M) after heating to 105 °C. Heating had no effect on the samples 
with kaolinite substrate, which remained entirely wettable as measured by the MED 
test (MED ~ 0 M). 
It is evident from Figure 22 that increasing the concentration of kaolinite in the AWS 
substrate led to a decrease in the level of SWR repellency induced by both compounds. 
Nevertheless, palmitic acid continued to induce a higher level of SWR than 1-
hexadecanol when applied to the same substrate mixture. For example, SWR was not 
observed in the 1-hexadecanol samples in which there was > 5 % kaolinite in the 
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kaolinite in the substrate. Heating of the 1-hexadecanol samples with  15 wt % 
kaolinite led to the expected increase in MED relative to the standard samples (24 °C) 
(Figure 22b). However, for the palmitic acid samples, heating led to a decrease in 
MED.  
 
Figure 22 Water repellency (MED) as a function of % kaolinite in acid washed sand 
for constant loading of (a) palmitic acid and (b) 1-hexadecanol. 
4.3.2 Effect of Mineral Chemistry and Temperature on Persistence of SWR. 
To eliminate differences in surface area, and to examine only the effect of differences 
in mineral surface chemistry, it was necessary to ensure that the mineral particles were 
loaded with the same density of molecules per unit of surface area. As noted above, no 
water repellency was identified on kaolinite using MED for any of the loadings 
investigated. However, Water Drop Penetration Time (WDPT) tests proved effective 
for collecting comparative data (Figure 23). A substantial increase in WDPT occurred 
for palmitic acid at a surface coverage of ~1.8 molecules nm-2 (0.592 x 10-6 mol g-1) 
on AWS at both drying temperatures, whereas kaolinite only became severely repellent 
at a loading of ~5.0 molecules nm-2 (63.4 x 10-6 mol g-1) when dried at 105 °C (Figure 
23a). In these loading ranges (~1.8 – 5.0 molecules nm-2) the WDPT was higher on 
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Figure 23 WDPT for AWS and kaolinite loaded with (a) palmitic acid and (b) 
hexadecanol, dried at 20 oC and 105oC.  
 
Hexadecanol was not found to induce persistent water repellency on either AWS or 
kaolinite unless heated to 105 °C prior to testing (Figure 23b). For the heated samples, 
a loading of 1.8 molecule nm-2 was again required to achieve a noticeable effect. On 
AWS this loading led to severe repellency (WDPT > 1000 s), whereas on kaolinite 
there was only mild repellency (WDPT ~ 100 s). Severe repellency was maintained on 
AWS with higher loadings and there was a slight increase in repellency on kaolinite 
with increased surface density of hexadecanol. These results show that it is possible to 
induce water repellency on kaolinite with a sufficiently high loading of palmitic acid. 
Furthermore, these results indicate that in addition to particle surface area, differences 
in surface chemistry are also a significant factor in determining SWR. 
4.3.3 Equilibration Snapshots  
Molecular dynamics simulations were performed to explore the nature of 
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hexadecanol) and a selection of mineral substrates. The equilibrium arrangement of 
palmitic acid and hexadecanol molecules on each of the mineral surfaces were similar 
at most surface densities. Therefore, the discussion focusses primarily on the palmitic 
acid simulations with any significant differences from the 1-hexadecanol simulations 
noted. Snapshot images of the equilibrium arrangement of the palmitic acid molecules 
on each of the substrates at different surface densities are shown in the Figure 24. 





Figure 24 Representative equilibrium structures of palmitic acid on (a) kaolinite (Al-
OH), (b) kaolinite (Si-O), (c) silica and (d) quartz at different surface densities. 
 
At low levels of surface coverage (0.1 molecules nm-2, Figure 24), there was only one 
amphiphilic molecule per unit cell, and in each case, the molecule adopted a lateral 
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enabled close interaction of all the atoms of the molecule with the mineral surfaces. At 
1.0 molecules nm-2, the MD simulations show that a complete first layer and a partial 
second layer of molecules parallel with the mineral surface. Water repellency was first 
observed on AWS in the MED experiments at a similar loading of palmitic acid (1.5 
molecules nm-2 or 0.5 mol g-1). In comparison, hexadecanol loadings only began to 
exhibit water repellency at 1.0 mol g-1 (3.0 molecules nm-2) on AWS, which 
corresponds with almost a complete tri-layer of molecules parallel with the mineral 
surfaces (see Appendix). 
Severe repellency was observed on AWS at an experimental loading of 0.75 mol g-1 
or 2.3 molecules nm-2. The computer simulations revealed that palmitic acid at a 
surface density of ~2.3 molecules nm-2, exhibited further layering of the molecules on 
the mineral surfaces. On quartz, the additional layers were less ordered than the initial 
layer, but the orientation of the molecules was parallel with the mineral surface. The 
equilibrium snapshots show that the organic molecules on kaolinite (Si-O) and quartz 
surfaces exhibited more ordered lateral layering of palmitic acid molecules compared 
to the hydroxylated kaolinite (Al-OH) and silica surfaces.  
On kaolinite (Al-OH) the polar head groups appeared to cluster together resulting in 
greater overall disorder in the orientation of the non-polar tails. It is evident from the 
equilibrium snapshots and the concentration profiles that the orientation of the organic 
molecules on silica was distinctly different. In particular, many of the molecules 
adopted a semi-tilted arrangement with the polar head-groups close to the mineral 
surface or located in cavities in the surface. 
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4.3.4 Concentration Profiles and Length Distribution 
Concentration profiles (Figure  25a, b, d and Appendix) revealed that there was 
negligible interfacial overlap between the organic layers and the kaolinite (Al-OH), 
kaolinite (Si-O) or quartz surfaces due to the smooth uniform structure of the minerals. 
In comparison, silica is quite rough, so the ends of the molecules were able to explore 
cavities across the surface, demonstrated by the overlap of the silica and molecule 
concentration profiles in the interface region (Figure 25c and Appendix). At 0.1 
molecules nm-2, the kinetic energy imparted to the molecule at 298 K ensured that it 
explored a broad range of different conformations on all these surfaces. This flexibility 
appeared to be greatest on the kaolinite (Al-OH) surface, where the length distribution 
varied from ~ 10 – 19 Å for palmitic acid (Figure 25e) and ~ 9 – 19 Å for 1-
hexadecanol (see Appendix). In comparison, both palmitic acid and hexadecanol 
exhibited a high proportion of fully elongated molecules on kaolinite (Si-O), silica and 
quartz (~ 10 – 19 Å) (Figs 25f, g & h). 
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Figure 25 Concentration profiles (a–d) and length distributions (e–h) for palmitic acid 
at different surface densities on kaolinite (Al-OH) (a,e), kaolinite (Si-O) (b,f), silica 
(c,g) and quartz (d,h) surfaces, respectively. 
 
At 0.5 molecules nm-2, a single layer was observed on kaolinite (Si-O), silica, and 
quartz (Figure 25b, c & d), whereas  a shoulder at ~25 Å in the concentration profile 
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molecules were lying flat on the surface. The equilibrium snapshots and concentration 
profiles for the simulations with a surface density of 1.0 molecules nm-2 revealed that 
the molecules spread across the surface of the minerals, forming a complete organic 
layer and, except for silica, shoulders at ~25 Å show  evidence for the initial stages of 
formation of a second layer of organic molecules (Figure 25a, b & d). The molecules 
in these layers adopted a relatively ordered lateral arrangement at both kaolinite and 
quartz mineral surfaces. The palmitic acid molecules were parallel with the contours 
of the silica surface, but the inherent roughness of the mineral resulted in disorder in 
the organic molecules structuring, leading to a less uniform layering than the 
corresponding layers on kaolinite and quartz. This lack of uniformity led to a broader 
peak in the concentration profile (Figure 25c).  
The concentration profile analysis suggested that both PA and hexadecanol pack 
similarly on kaolinite (Al-OH), kaolinite (Si-O) and quartz at a surface density of ~2.3 
molecules nm-2. The broad low magnitude plots on the length distribution analysis 
indicated that the organic molecules retained significant conformational freedom at 
this surface density. However, there were subtle differences between the layers, with 
the organic molecules having a small proportion of fully extended molecules on 
kaolinite (Si-O) (Figure 25f)  and little or no fully extended molecules on the other 
surfaces (Figure 25e, g & h). This suggests that the interaction of the polar head-group 
with the kaolinite (Si-O) may stimulate self-assembly of the molecules into an ordered 
layer.  
Analysis of the chain length distribution of the molecules at a surface density of 5.0 
molecules nm-2 revealed a peak at (19 Å) reflecting a large proportion of molecules 
with an all-trans arrangement of the carbon-carbon bonds. For kaolinite (Al-OH) and 
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silica surfaces, the length distribution peak exhibited a tail down to ~ 16 Å, which 
indicated that there was a small amount of conformational freedom within the organic 
layer (Figure 25e & g). The length distribution plots for kaolinite (Si-O) and quartz 
exhibited a second peak at 17.5 Å that corresponds to a significant population of 
molecules with at least one cis-arranged bond along the molecular chain (Figure 25f 
& h).  
4.3.5 Mean-Square Displacement 
The mean-square displacement and diffusion constants of the C1 (polar end) and C16 
(non-polar tail) carbons of the molecular chains were calculated to identify any 
differences in mobility of the ends of the molecules (see Appendix). The non-polar 
ends (C16) of the molecular chains exhibited the greatest mobility at low surface 
density on kaolinite, which was consistent with a weak interaction between the 
hydrophobic tail and the hydrophilic surface. Low-density layers on silica and quartz 
also exhibited high mobility but not to the same level as determined for the 
corresponding layers on kaolinite, which corresponded with the lower polarity of these 
mineral surfaces (see Appendix for comparison). The non-polar ends of the molecules 
in the high-density organic layers exhibited decreased mobility due to the increased 
packing (see Appendix).  
In most cases, the polar ends (C1) of the molecules exhibited less mobility than the 
non-polar tails (C16) (see Appendix).  In fact, the C1 carbon atoms exhibited little 
mobility on kaolinite (Al-OH) and silica at all surface densities (see Appendix), which 
is attributed to H-bonding, and in the case of silica, the restricted movement of polar 
head groups in cavities on the surface of the mineral. In comparison, the polar head 
groups were found to have greater mobility on kaolinite (Si-O), and quartz at low 
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surface coverage (0.1 molecules nm-2), but this freedom of movement decreased as the 
surface density of molecules increased. The hexadecanol molecules generally 
exhibited similar trends in mobility to the palmitic acid molecules. However, the 
mobility of C1 of the alcohol was greater than C1 of the acid on kaolinite (Al-OH) and 
silica, which implied a weaker interaction of the alcohol groups than the carboxylic 
acid groups. 
4.3.6 Radial Distribution Functions (RDF) 
Organo-mineral Interactions 
Analysis using radial distribution functions (RDFs, g(r)) was used to identify the 
precise nature of these interactions on the different minerals at different surface 
densities. Hydrogen-bonding is characterized by specific correlation in the H…O RDF 
at ~1.8 Å. H-bonding interactions between the acid hydrogen atom of palmitic acid 
and the surface oxygen atoms of kaolinite (Al-OH) and silica were identified at all 
surface densities (0.1 - 5.0 molecules nm-2) (Figure 26a & c). H-bonding between the 
acidic hydrogen (HOH) of PA and the oxygen atoms (Osurf) of the quartz also became 
evident for surface coverages  2.3 molecules nm-2 (Figure 26d). There was very little 
evidence of (HOH)… (Osurf) H-bonding on the kaolinite (Si-O) surface, consistent with 
the mobility of the polar end of the palmitic acid molecules (Figure 26b).  
H-bond donation was identified from the hydroxyl hydrogen of hexadecanol 
molecules to exposed oxygen atoms of kaolinite (Al-OH), silica and quartz (see 
Appendix), with the strongest interactions to quartz followed by kaolinite (Al-OH). 
There was no evidence of H-bonding from hexadecanol to the oxygen atoms of 




Figure 26 Radial Distribution Functions between surface oxygen atoms (Osurf) of (a) 
kaolinite (Al-OH), (b) kaolinite (Si-O), (c) silica, and (d) quartz surfaces with acidic 
hydrogen atoms (HOH) of palmitic acid. 
 
Organo-mineral interactions can also occur between the exposed hydrogen atoms of 
the kaolinite (Al-OH) and silica surfaces (Hsurf) with the two oxygen atoms of the 
carboxylic acid, carbonyl oxygen (OCO) and acid oxygen (OOH) of palmitic acid. RDF 
analysis indicates that the average separation between Hsurf of kaolinite (Al-OH) and 
OCO of palmitic acid (Figure 27a), is 2.2 – 3.8 Å, which is longer than a typical H-bond 
(1.8 Å). Similarly, the average separation between Hsurf of kaolinite (Al-OH) and OOH 
of palmitic acid is ~2.5 – 3.0 Å (Figure 27b). In comparison, the H-atoms of the silica 
surface exhibited strong interactions with the OCO atoms of the palmitic acid molecules 
(Figure 27c) and this indicated that the silica surface acts as both a H-bond donor and 
0.1 molec nm-2 0.5 molec nm-2
1.0 molec nm-2 2.3 molec nm-2 5.0 molec nm-2
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a H-bond acceptor. The RDFs for silica Hsurf with OOH exhibit increasing interaction 
with increasing surface density (Figure 27d) but this occurs at a distance of > 1.8 Å 
and is coupled to the adjacent H-bonding to OCO.  H-bonding interactions for Hsurf with 
the hydroxyl oxygen (OOH) of hexadecanol are evident for both kaolinite (Al-OH) and 
silica (see Appendix).  
 
Figure 27 RDF between surface hydrogen atoms (Hsurf) of the kaolinite (Al-OH) (a, 
b) and silica (c, d) with carbonyl oxygen atom (OCO) (a,c) and acid oxygen atom (OOH) 
(b,d) of palmitic acid, respectively.  
 
The key findings were that palmitic acid is a strong H-bond donor to kaolinite (Al-
OH) but a weak H-bond acceptor from kaolinite (Al-OH). In comparison, palmitic acid 
is able to both strongly donate H-bonds to silica as well as strongly accept H-bonds 




















































bond donor to kaolinite (Al-OH) and a moderate H-bond acceptor from kaolinite(Al-
OH). However, on the silica surface, 1-hexadecanol is a weak H-bond donor but a 
good H-bond acceptor. The H-bonding was further analysed by quantifying the 
average number of H-bonds per molecule (Table 7).   
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Table 7 Average number of H-bonds per molecule between palmitic acid (top) or 
hexadecanol (bottom) molecules and the mineral surfaces at different surface densities. 
Mineral 
surface 
Surface density of palmitic acid (molecules nm-2) 
0.1 0.5 1.0 2.3 5.0 
K-
AlOH 
1.5 ± 0.03 2.0 ± 0.06 1.9 ± 0.11 2.0 ± 0.19 1.9 ± 0.20 
K-SiO 0.17 ± 0.02 0.05 ± 0.02 0.07 ± 0.05 0.12 ± 0.07 0.37 ± 0.17 
Silica 1.4 ± 0.03 1.8 ± 0.06 0.92 ± 0.07 1.2 ± 0.11 0.95 ± 0.18 
Quartz 0.25 ± 0.02 0.20 ± 0.04 0.13 ± 0.04 0.23 ± 0.06 0.32 ± 0.09 
 Surface density of 1-hexadecanol (molecules nm-2) 
Mineral 
surface 
0.1  0.5  1.0  2.3  5.0  
K-
AlOH 
1.8 ± 0.03 2.0 ± 0.11 2.3 ± 0.14 2.1 ± 0.19 2.0 ± 0.22 
K-SiO 0.10 ± 0.02 0.04 ± 0.02 0.05 ± 0.04 0.04 ± 0.06 0.05 ± 0.08 
Silica 1.4 ± 0.04 0.93 ± 0.07 1.2 ± 0.12 0.62 ± 0.12 0.69 ± 0.15 
Quartz 0.98 ± 0.01 0.90 ± 0.03 0.79 ± 0.08 0.85 ± 0.08 0.63 ± 0.14 
 
Palmitic acid molecules experienced ~ 2 H-bonds per molecule with the kaolinite (Al-
OH) surface. As noted above, palmitic acid is a H-bond donor to kaolinite (Al-OH) 
but not a H-bond acceptor. Therefore, the two H-bonds per molecule arise from 
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bifurcated H-bonding from palmitic acid to two mineral surface oxygen atoms on 
kaolinite (Al-OH). In comparison, palmitic acid experienced ~ 1 – 1.5 H-bonds per 
molecule with silica, depending on surface density. Given that palmitic acid both 
donates and accepts H-bonds with silica, then all molecules must be engaged in one of 
these, with some experiencing both. However, on the quartz and kaolinite (Si-O) 
surfaces, the number of Hsurf to OCO H-bonds is very low. The trends for hexadecanol 
are similar on silica, kaolinite (Al-OH), and kaolinite (Si-O). However, hexadecanol 
exhibits a greater affinity for quartz than PA does, with 0.6 – 0.8 acid H bonds per 
molecule across the different surface densities. 
RDF analysis of the interaction between atoms of the mineral and carbon atoms of the 
acid molecules indicated a minimum separation of 3.4 Å (see Appendix), consistent 
with a van der Waals type interaction.   
Organo-organo Interactions 
In addition to the interaction with the surfaces, the polar head-groups of the molecules 
interacted with one another. RDF analysis suggested that intermolecular H-bonding 
occurred between the carbonyl oxygen (OCO) and acidic hydrogen (HOH) of palmitic 
acid molecules on all surfaces except kaolinite (Al-OH) (Figure 28a-d).  
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Figure 28 RDF for carbonyl oxygen (OCO) and acidic hydrogen (HOH) of separate 
palmitic acid molecules on (a) kaolinite (Al-OH), (b) kaolinite (Si-O), (c) silica and 
(d) quartz surfaces. 
On all mineral surfaces, the intermolecular interaction between the acidic oxygen 
(OOH) and acidic hydrogen atoms (HOH) of palmitic acid molecules (see Appendix) is 
substantially weaker than that involving the carbonyl oxygen (Figure 28). The lack of 
a carbonyl oxygen in 1-hexadecanol allows strong intermolecular hydrogen bonding 
to occur between the hydroxyl groups of the alcohol molecules (see Appendix) 
compared with the interaction between the acidic atoms (HOH and OOH) of palmitic 
acid (see Appendix).     
Table 8 presents the average number of H-bonds per molecule between separate 
organic molecules in the layers on each mineral surface. For the layers on kaolinite 



















































neighbouring acid molecules. In comparison, the PA molecules on silica and kaolinite 
(Al-OH) surfaces had an average of < 0.5 H-bonds to neighbouring molecules.  
 
Table 8 Average number of H-bonds per molecule between separate palmitic acid 
(top) or hexadecanol (bottom) molecules on the mineral at different surface densities. 
 Surface density of palmitic acid (molecules nm-2) 
Mineral surface 0.5 1.0 2.3 5.0 
K-AlOH 0.01 ± 0.01 0.02 ± 0.02 0.07 ± 0.07 0.19 ± 0.11 
K-SiO 0.85 ± 0.03 0.89 ± 0.06 0.88 ± 0.08 0.72 ± 0.14 
Silica 0.11 ± 0.02 0.36 ± 0.02 0.38 ± 0.06 0.48 ± 0.14 
Quartz 0.72 ± 0.03 0.88 ± 0.04 0.81 ± 0.07 0.78 ± 0.11 
 Surface density of 1-hexadecanol (molecules nm-2) 
Mineral surface 0.5 1.0 2.3 5.0 
K-AlOH 0.19 ± 0.02 0.09 ± 0.01 0.19 ± 0.05 0.24 ± 0.08 
K-SiO 0.78 ± 0.02 0.86 ± 0.04 0.90 ± 0.05 0.98 ± 0.06 
Silica 0.20 ± 0.03 0.19 ± 0.04 0.63 ± 0.06 0.65 ± 0.09 
Quartz 0.04 ± 0.02 0.20 ± 0.09 0.15 ± 0.08 0.40 ± 0.16 
 
These values inversely correlate with the average number of H-bonds between the 
surface and PA molecules. The intermolecular H-bonding between acid molecules 
may be competing with the interaction occurring between the hydrogen of the acid 
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molecules and surface oxygen atoms. This effect may be lessened on silica because of 
the surface roughness, which could physically hinder the orientation of the polar head-
groups of the acid molecules.  Hexadecanol showed a similar trend with regards to the 
kaolinite surfaces and silica, however, unlike palmitic acid, no hydrogen bonds 
occurred between molecules on quartz. Thus, when hydrogen bonding between the 
organic molecules and mineral surface occurs, the organic molecules have less 
hydrogen bonding to one another. In particular, for palmitic acid on kaolinite (Al-OH) 
and silica, organo-mineral H-bonding is dominant at the expense of organo-organo H-
bonding. Organo-mineral H-bonding is also dominant for 1-hexadecanol on kaolinite 
(Al-OH) and silica but extends to layers on quartz as well. In comparison, for layers 
of palmitic acid on kaolinite (Si-O) and quartz and layers of 1-hexadecanol on kaolinite 
(Si-O), organo-organo H-bonding is dominant. 
RDF analysis also indicated van der Waals type interaction between organic carbon 
chains of neighbouring molecules (see Appendix). Although there was an increased 
intensity of this interaction with increased surface density, there was no change in the 
minimum separation between molecules.  
4.4 DISCUSSION  
The experimental results in this study are consistent with aliphatic acid and aliphatic 
alcohol molecules inducing water repellency. Previous studies (Mainwaring et al., 
2013) have reported similar behavior for octadecanoic acid (C17H35COOH) and 1-
octadecanol (C18H37OH) but indicated that tetradecanoic acid (C13H27COOH) and 1-
tetradecanol (C14H29OH) did not induce water repellency. When our results are 
considered in conjunction with those of Mainwaring et. al. (2013), they suggest that 
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the amphiphilic molecules need to have a chain length of ~16 carbon atoms or more 
to have a significant impact on SWR.  
Furthermore, these experiments reveal the level of repellency attained by specific 
loadings on acid washed sand, kaolinite and mixtures of acid washed sand with 
kaolinite. Mainwaring et. al. (2013) noted that when individual compounds were 
applied at environmental levels to acid washed sand they did not induce the same level 
of repellency as the field samples. Furthermore, they reported that octadecanoic acid 
had to be added at levels 16 to 211 times greater than required to form a monolayer, 
before severe repellency was observed. However, when we combined our results for 
experimental loading of palmitic acid with surface area measurements and the MD 
simulations, it was revealed that formation of two complete layers of palmitic acid 
molecules was sufficient to induce severe water repellency on acid washed sand.  
However, much higher loadings of hexadecanol were required to achieve the same 
level of water repellency. The MD simulations also revealed that hexadecanol had a 
weaker H-bonding interaction with both quartz and silica surfaces, which would hinder 
the development of an anchored organic layer, resistant to water. 
Increasing the clay content of a soil has been shown to reduce the level of SWR 
(Harper et al., 2000; McKissock et al., 2000) and the laboratory scale loading 
experiments of this study are consistent with these observations. This observation has 
previously been attributed to the larger surface area per mass of the kaolinite compared 
to sand (Giovannini and Lucchesi, 1983). The larger surface area of the clay particles 
relative to the sand particles was an important factor in this study. The larger surface 
area facilitates wider distribution of the organic compounds thereby lowering the 
surface density of molecules on the minerals below that required to induce water 
repellency. However, the loading experiments also revealed that for equivalent surface 
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densities of palmitic acid on acid washed sand and kaolinite, the clay still had a lower 
level of water repellency. This clearly highlighted that surface chemistry also plays an 
important role in the development or resistance to water repellency, which has also 
been demonstrated by the study of Lichner et al.(2006) that evaluated the effect of 
different clay minerals for alleviating SWR. The MD simulations provide further 
insight to the interactions of the molecules with the mineral surfaces. In particular, 
palmitic acid exhibits H-bonding with the hydroxylated surfaces such as silica 
(weathered sand particle) and the gibbsite-like surface of kaolinite (Al-OH). These 
interactions help bind the molecules to the surfaces of the minerals that facilitates the 
required layering of the molecules to induce water repellency. The bonding of the 
organic molecules to quartz and the silicate-like surface of kaolinite was much weaker.  
Both the structuring and degree of organic molecule layering affects the organo-
mineral interactions. Polar interactions of the head groups of amphiphilic molecules 
with an underlying polar layer is a major factor in the development of an ordered 
Langmuir monolayer (Henry et al., 2010; Plazzer et al., 2011; Prime et al., 2011). 
Walden et al. (2015)  observed a similar arrangement for hexadecanol molecules at a 
comparable surface density (~2.4 molecules nm-2) on quartz, whereas on kaolinite (Al-
OH) they found hexadecanol molecules had a semi-ordered tilted arrangement.  
Neutron reflectometry studies have suggested that the octadecanoic acid molecules 
bind to the mineral surface via the polar head groups, while interaction occurs between 
the nonpolar tails of the molecules to form a hydrophobic barrier (Mayes et al., 2013; 
Petridis et al., 2014). 
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At 5.0 molecules nm-2, the equilibrium structures and concentration profiles 
corresponded with condensed, oriented and closely packed films as proposed by 
Kleber et. al. (2007). This arrangement of molecules provided an almost solid 
hydrophobic layer that would strongly repel water from the mineral surface. Although 
this ordered arrangement of the molecules was thermodynamically favoured, the less 
ordered arrangements at lower surface densities on quartz and kaolinite are kinetically 
favoured. Transformation of the lateral layers of molecules to the ordered 
perpendicular arrangement would require time and the application of energy and/or 
pressure. This would account for the fact that Franco et. al. (1995) observed that 
maximum repellency of intrinsic particulate organic matter loaded onto AWS was only 
achieved after several heating and wetting cycles. 
Given that palmitic acid binds to the kaolinite (Al-OH) surface of the clay particles it 
might at first seem surprising that the clay does not develop higher levels of water 
repellency when loaded with this compound. However, the kaolinite (Al-OH) surface 
has a larger number of hydrophilic sites (13 oxygen atoms nm-2) per unit area than 
silica (6.8 oxygen atoms nm-2). Therefore, a much higher density of organic molecules 
is required to saturate the hydrophilic sites of kaolinite (Al-OH) to prevent interaction 
with water. Furthermore, the kaolinite (Al-OH) surface represents no more than 50 % 
of the exposed surface of the clay particles, with the remaining surface being kaolinite 
(Si-O). As noted above, the interaction of palmitic acid with the kaolinite (Si-O) 
surface is much weaker. Therefore, formation of continuous water repellent layers 
across the whole surface of clay particles seems unlikely. We also note that in the 
presence of water there will be competition between water molecules and organic 
molecules to interact with the H-bonding sites of the mineral surface, if the layers do 
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not prevent access to these sites. Such interactions could lead to a rearrangement of 
the organic layers. 
Müller and Deurer (2011) note that accumulation of hydrophobic compounds in the 
soil arises from the degradation of waxy plant leaves and the slow degradation of these 
compounds by microbes. The binding of these waxy compounds (aliphatic acids and 
alcohols) to silica surfaces of the sand particles would also aid accumulation in the top 
layer of sandy soils. It is also notable that SWR is generally most severe during the 
hottest and driest times of the year when microbial degradation of these compounds at 
the soil surface will be at its lowest level. 
4.5 CONCLUSIONS 
This study combined laboratory scale loading experiments with molecular dynamics 
simulations to provide a molecular level understanding of SWR. Palmitic acid was 
found to induce water repellency at very low loading levels sufficient to provide a 
complete first layer and a partial second layer of molecules parallel with the mineral 
surface. Higher loadings of hexadecanol were required to induce water repellency, 
equivalent to 3 or more layers of molecules aligned laterally with the mineral surfaces. 
Heating of samples led to enhanced water repellency, which was attributed to 
improved distribution and layering of the molecules on the sand particle surfaces. 
Increasing the ratio of kaolinite to acid washed sand in the mineral substrate led to a 
reduced induction of SWR by palmitic acid and hexadecanol. This was attributed in 
part to the greater surface area of the clay particles that led to a dispersal of the organic 
molecules. However, the surface chemistry of kaolinite was also identified as playing 
a role in lowering the potential for developing water repellency through development 
of different intermolecular interactions. 
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Hydrogen bonding of the polar head groups of the organic molecules to the mineral 
surfaces is an important factor for the development of water repellent layers. However, 
there are differences in the interactions with different mineral surfaces. Although a 
perpendicular arrangement of the organic molecules is thermodynamically favoured at 
high levels, formation of organic layers with molecules parallel with the mineral 
surface is kinetically favoured and more likely to occur in a complex soil matrix. 
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Chapter 5: Charge effects on 
organo-mineral interactions associated with 
soil water repellency in sand and clay – A 
combined experimental and computational 
study.  
Abstract: 
Long chain fatty acids have been implicated in the induction of SWR in sandy soils. 
However, experimental and theoretical studies have focussed on the protonated form 
of these acids, ignoring the fact that at typical soil pH these acids will be deprotonated. 
In this charged state, electrostatic interactions and cation bridging will contribute to 
binding of organic molecules to mineral surfaces. These mechanisms were 
investigated in this study using experimental loadings of palmitate salts (1.0 and 2.3 
molecules nm-2) on acid-washed sand and kaolinite. Experimental results were 
complemented with molecular dynamics simulations to provide a molecular level 
interpretation of the differences in water repellency. Water repellency was determined 
using the Water Drop Penetration Time (WDPT) method. Palmitate salts with divalent 
cations (Mg2+ and Ca2+) induced high degrees of repellency (WDPT 512 – 3965 s) on 
sand, whereas kaolinite remained relatively wettable (WDPT 0 – 104 s). Molecular 
dynamics simulations incorporated mineral surface charge, acid deprotonation, mono- 
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and divalent-cations and water. On silica the palmitate molecules adopted a lateral 
arrangement with respect to the mineral surface, thereby excluding water. In 
comparison, the palmitate molecules adopted a tilted orientation on kaolinite, leaving 
larger areas of the mineral surface exposed and therefore wettable. 
5.1 INTRODUCTION: 
Soil water repellency, the inhibition of water to move through soil surface horizons, is 
typically associated with sandy soils and continues to remain a constraint for 
agriculture in many regions. SWR leads to limited and staggered germination resulting 
in patchy crop growth and ultimately lower yields (Harper et al., 2000). The degree 
and persistence of SWR is enhanced by low soil water content and high soil 
temperatures (Goebel et al., 2011). As a result of climate change, hotter summers and 
more frequent drought periods are expected (Goebel et al., 2011). Consequently, the 
prevalence of SWR in agricultural regions is expected to expand.  
Soil water repellency is associated with organic compounds that coat the mineral 
surfaces of soil particles (Bond and Harris, 1964; McGhie and Posner, 1980). It has 
been shown that long-chain compounds with a polar head-group and non-polar 
backbone structure (amphiphilic) induce repellency (Daniel et al., 2019; Mainwaring 
et al., 2013; Uddin et al., 2017), whereas low molecular weight non-polar compounds 
do not (Uddin et al., 2017). It is speculated that, unlike free lipids which have been 
found to have little effect on reducing repellency (Mao et al., 2014), bound organic 
compounds composed of amphiphilic molecules interfere with the water-surface 
interactions and impede water from spreading (Doerr et al., 2000; Franco et al., 1995). 
Graber et al. (2009) and Shih et al. (1992) propose a monolayer of carboxylic acids 
with vertical non-polar tails (perpendicular to the mineral surface) in a hemimicelle 
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formation, but these conclusions are based on studies of organic-water Langmuir 
systems or large organic species (alkyl oxyethylene surfactants “Tritons”, poly acrylic 
acids and alkylxylenesulfonates), respectively.  Previous molecular modeling studies 
into water repellency have been carried out on uncharged systems under dry conditions 
(Daniel et al., 2019; Uddin et al., 2019; Walden et al., 2015). These models showed 
that stacking lateral layers of carboxylic acid molecules form. However, soil minerals 
are generally not charge neutral nor completely dry.  
Surface charge varies with mineral type and pH due to differences in surface chemistry 
and point of zero charge. At neutral pH, the gibbsite surface of kaolinite is essentially 
uncharged (Gupta and Miller, 2010), whereas silica has a slightly negative surface 
charge (Barisik et al., 2014). Likewise, organic acids will have different degrees of 
dissociation depending on their pKa and the pH of the surrounding environment. In 
the presence of water, proton dissociation will result in organic ions rather than neutral 
acid molecules. For example, palmitic acid will be in a fully dissociated state at pH 7 
and therefore be present as palmitate ions. These charge effects have not typically been 
accounted for in studies of SWR, whereas many studies have investigated organo-
mineral binding mechanisms outside of SWR. It is expected that divalent cations will 
stabilise repulsive interactions between separate organic ions (Datta et al., 2000), and 
Graber et al. (2009) mention physisorption as a organo-mineral binding mechanism 
via divalent cation-bridging. 
Therefore, to further investigate SWR at the molecular level in sand and clay, a series 
of molecular dynamics models were developed to incorporate these charge features. 
The following study details the construction, operation and outcomes of the updated 
models of palmitic acid/palmitate interactions with sand and kaolinite surfaces. To 
complement the theoretical studies, a series of palmitate salts were prepared, and 
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loading experiments were carried out. Comparisons were made between experimental 
and computational findings to identify the contribution of charge effects on SWR.  
5.2 METHODS: 
5.2.1 Materials 
Pyridine (Ajax Finechem, Univar, AR), potassium hydroxide (Chem Supply, AR), 
sodium hydroxide (LabServ, AR), magnesium chloride (Anhydrous, Sigma Aldrich, 
98%), calcium chloride (Ajax Chemicals, Unilab, AR), dichloromethane (Fisher 
Chemical, AR), methanol (VWR Chemicals, 100%), dodecane (Fluka Australia, 
analytical standard), ethanol (Univar, AR), hexadecanoic acid (Sigma-Aldrich, ≥ 99%, 
CAS 57-10-3), acid-washed sand (AWS, SiO2) (Chem-supply, LR grade, CAS 60676-
86-0), kaolinite (Fluka, LR Grade, CAS 1318-74-7), and tetrahydrofuran (THF, 
Emsure, 99.8%), were used, as supplied. 
5.2.2 Synthesis of Palmitate Salts: 
Synthesis of the palmitate salts was carried out as outlined by Quraishi et al. (2012). 
For sodium and potassium palmitate, molar equivalent amounts of palmitic acid and 
either NaOH or KOH were dissolved in hot water (~75 – 85 oC) with stirring. The 
solution was cooled to precipitate the salt. To synthesize magnesium and calcium 
palmitate, molar equivalent amounts of palmitic acid and NaOH were dissolved in hot 
water, followed by the addition of MgCl2 or CaCl2 (in excess) to precipitate 
magnesium or calcium palmitate (respectively). Characterization and confirmation of 
the palmitate salts was done using attenuated total reflection Fourier transform infra-
red (ATR-FTIR) spectroscopy and melting point analysis. 
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5.2.3 Palmitate Salt Loading on Acid-Washed Sand and Kaolinite: 
A series of acid-washed sand (AWS) and kaolinite samples were prepared and loaded 
separately with one of four different palmitate salts. To account for the effects of 
different mineral surface areas, additions were carried out to achieve equivalent 
loadings on each mineral surface in terms of molecules per nm2 rather than moles g-1 
of soil. Molar loading levels were determined using specific surface areas obtained 
from BET measurements (Micromeritics TriStar II 3020, N2 absorption, bath 
temperature of 77.350 K, and equilibration interval of 15 s). Specific surface areas for 
AWS and kaolinite were 0.1981 and 7.624 m2 g-1, respectively. A comparison of the 
molar loadings is given in Table 9. The molar loading levels for magnesium and 
calcium palmitate were half the levels for sodium and potassium palmitate because the 
divalent cations bind two palmitate chains per ion. These specific concentrations of 
the palmitate salts were used to create surface densities of 1.0 and 2.3 molecules per 











Table 9 Molar loadings of palmitate salts on acid-washed sand and kaolinite samples 











1.0 3.29×10-7 1.27×10-5 
2.3 7.55×10-7 2.91×10-5 
K(O2C(CH2)14CH3) 
1.0 3.29×10-7 1.27×10-5 
2.3 7.55×10-7 2.91×10-5 
Mg(O2C(CH2)14CH3)2 
1.0 1.65×10-7 6.35×10-6 
2.3 3.78×10-7 1.46×10-5 
Ca(O2C(CH2)14CH3)2 
1.0 1.65×10-7 6.35×10-6 
2.3 3.78×10-7 1.46×10-5 
 
Loading of the palmitate salts onto the minerals was carried out by firstly dissolving 
the salt in either hot water (Na+ and K+) or hot pyridine (Mg2+ and Ca2+), followed by 
adding the solution to a round-bottom flask containing 40g of mineral substrate (AWS 
or kaolinite) and 50 mL of the appropriate solvent. The mixture was rotated for 15 
minutes in a hot water bath (60 oC) to expose the salt to the mineral surfaces. The 
solvent was then removed by rotary evaporator at 45 oC under reduced pressure (260 
mm Hg) to take the mixture to dryness. Each sample was left in a desiccator for 2 hours 
to equilibrate to ambient temperature. Each loading was carried out in duplicate.    
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5.2.4 Water Repellency Measurements: 
Water Drop Penetration Time (WDPT) tests were carried out using the method 
outlined by King (1981). Water infiltration times were determined by timing a drop of 
water (15 μL) on the surface. Samples were classified as slightly water repellent 
(WDPT 10 – 60s), moderately water repellent (WDPT 61 -500 s), strongly water 
repellent (WDPT 501 - 1000s) or severely water repellent (WDPT > 1000 s). 
5.2.5 Computational Methods: 
Models and molecular dynamics simulations were carried out as previously outlined 
(Daniel et al., 2019). Amorphous silica was used to represent a sand particle surface 
and kaolinite-Al-OH was used to represent a clay surface in this study. No isomorphic 
substitutions of silicon or aluminium were incorporated and therefore no pH-
independent charge was introduced to the surfaces of the models. A -0.12 e- nm-2 
surface charge on silica was generated by removing exposed hydrogen atoms, whereas 
kaolinite remained charge-neutral based on the point of zero charge. Fully atomistic 
models of the palmitate ion were built, and surface coverages of 1.0 and 2.3 molecules 
nm-2 were used. 768 water molecules and various cations (Na+, K+, Mg2+ and Ca2+) 
were also included in these models to balance the system charge. 
Interatomic potentials were modeled using the COMPASS force field, (Sun, 1998) 
which has previously been shown to provide a suitable description of polar and non-
polar interactions at condensed interfaces (Prime et al., 2011; Shaw et al., 2013). 
Coulomb forces were calculated using the Ewald method, and Van der Waals 
interactions were determined using Atom-based summation with a cut-off distance of 
12.5 Å, a spline width of 1.00 Å and a buffer of 0.5 Å. Energy minimization of 
chemical structures was achieved using conjugate gradient procedures. Simulations 
were carried out using the canonical ensemble (NVT) conditions, with 1 – 5 ns 
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equilibration, 5 – 15 ns data acquisition and 1 fs time steps. The temperature was set 
at 298 K, monitored using the Anderson thermostat, and a collision ratio of 1.0.  
5.3 RESULTS: 
5.3.1 Experimental Loadings:  
The effect of palmitate salts on inducing repellency on AWS and kaolinite was 
determined by measuring WDPTs (Table 10). AWS sand loaded with sodium and 
potassium palmitate at 1.0 molec nm-2 remained wettable (WDPT = 0 s), whereas the 
palmitate salts of divalent cations (Mg2+ and Ca2+) induced strong (WDPT = 512 s) 
and severe repellency (WDPT = 1377 s), respectively at this loading level. Sodium 
and potassium palmitate at 2.3 molec nm-2 resulted in negligible water repellency on 
AWS (WDPT = 3 and 20s, respectively). However, increasing surface density of 
magnesium palmitate to 2.3 molec nm-2 on AWS quadrupled the WDPT to 2103 s, 
making it severely repellent. In comparison, increasing the loading of calcium 
palmitate on AWS to 2.3 molec nm-2 almost tripled the WDPT to 3965 s, which was 
the highest degree of repellency recorded in this study. 
The kaolinite samples loaded with potassium palmitate at 1.0 molec nm-2 did not 
exhibit any water repellency (WDPT = 0s) and the samples loaded with sodium, 
magnesium and calcium palmitate, at the same loading level, were only slightly 
repellent (WDPT = 5 – 23 s). Increasing the surface density of the sodium and calcium 
palmitate salts on kaolinite to 2.3 molec nm-2 did not have any effect on WDPT. 
However, at this higher loading level, potassium palmitate induced slight repellency 
(WDPT = 5 s) and magnesium palmitate induced moderate repellency (WDPT = 104 
s).   
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AWS 1.0  0 0 512 ± 39 1377 ± 225 
AWS 2.3 3 ± 1 20 ± 5 2103 ± 65 3965 ± 139 
Kaolinite 1.0 9 ± 3 0 23 ± 2 19 ± 1 
Kaolinite 2.3 9 ± 2 5 ± 1 104 ± 2 19 ± 1 
 
5.3.2 Equilibrium Snapshots from Molecular Dynamics Simulations: 
Organo-mineral structuring and layering were observed from equilibrium snapshots 
taken from molecular dynamics simulations. Both the organic molecules and silica 
surface have a negative charge, which was balanced by cations (Na+, K+, Mg2+ or Ca2+) 
in these models. The arrangement of the organic molecules on silica at 1.0 molec nm-
2 was mostly composed of a lateral orientation of the chains relative to the mineral 
surface (Figure 29). For the simulations with sodium or potassium palmitate molecules 
the equilibrium structures had the molecules grouped together over one half of the 
silica surface. Therefore, large areas of the silica surface were left exposed. However, 
the arrangement of the magnesium and calcium palmitate molecules was less distinct, 
with the molecules covering more of the silica surface. Thus, the greater spread of 
palmitate molecules in the presence of divalent cations led to less of the silica surface 
exposed to water.  
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Figure 29 Side and top view equilibrium snapshots of sodium palmitate (a, e), 
potassium palmitate (b, f), magnesium palmitate (c, g) and magnesium palmitate (d, 
h) on silica at 1.0 molec nm-2.  
 
At 2.3 molec nm-2, the organic molecules adopted either lateral or tilted orientations 
relative to the silica surface (see Appendix). For the models with sodium and 
potassium cations, there was still clumping of the organic molecules, leaving large 
regions of the silica surface exposed to water. However, for the magnesium and 
calcium salts, there was a greater distribution of the palmitate molecules across the 
silica surface. The thicker organic layers at this surface density hindered water 
molecules from coming into contact with the silica surface (see Appendix). 
The arrangement of the organic molecules on kaolinite differed from that on silica. At 
a surface density of 1.0 molec nm-2, the palmitate molecules adopted tilted or 
perpendicular orientations relative to the kaolinite surface (Figure 30). The structuring 
of the organic molecules was independent of the metal cations in the models. Large 
regions of the kaolinite surface were exposed to water molecules. 
(a) (b) (c) (d)
(e) (f) (g) (h)
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Figure 30 Side and top view equilibrium snapshots of sodium palmitate (a, e), 
potassium palmitate (b, f), magnesium palmitate (c, g) and magnesium palmitate (d, 
h) on kaolinite at 1.0 molec nm-2. 
 
Structuring of the organic layer on kaolinite at a loading of 2.3 molec nm-2, exhibited 
a greater dependence on the metal cations present. The palmitate molecules were tilted 
with respect to the kaolinite surface when potassium was present as the cation. 
However, for the models with magnesium and calcium cations, the palmitate 
molecules were almost entirely perpendicular to the kaolinite surface (see Appendix). 
Thus, large areas of the kaolinite surface remained exposed, irrespective of the cation 
present. However, when sodium was incorporated as the counter-ion, two formations 
were observed in different simulation runs. In one of the simulations the organic 
molecules adopted a semi-tilted arrangement similar to that observed in the potassium 
palmitate simulation. However, in the alternate simulation of sodium palmitate, the 
organic molecules formed lateral layers (see Appendix) allowing few water molecules 
to interact strongly with the surface.  
(a) (b) (c) (d)
(e) (f) (g) (h)
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It is also worth noting that in the potassium palmitate model, one palmitate chain was 
entirely washed from the kaolinite surface by the water molecules during the course of 
the simulations.  
5.3.3 Concentration Profiles: Organic Molecules and Mineral Surface 
Concentration profile analysis was carried out to examine the organic structuring in 
more detail. The silica surface is quite rough with asperities and surface cavities. 
Therefore, it is difficult to define a clear surface boundary. However, the average 
position of the silica surface atoms can be defined at ~ 17 Å in the vertical (z-direction) 
of Figures 29 and 30, which corresponds with the distance axes in Figures 31, 32 and 
33 a – b. As noted earlier, palmitate molecules on silica at a surface density of 1.0 
molec nm-2 clump together. This is evident in the concentration profiles by the peak at 
~ 19 Å with a shoulder to the peak at ~ 22 Å (Figure 31a). These peaks indicate that 
while many of the palmitate molecules are in close contact with the mineral surface a 
significant number of molecules form a partial secondary layer on top of the first layer 
of palmitate molecules. However, there was a narrowing and heightening of the peak 
for the magnesium and calcium palmitate simulations, indicating a more uniform 
distribution of molecules. At 2.3 molec nm-2, the concentration profiles exhibit a peak 
at ~19 Å with another maximum at ~22 Å and a shoulder at ~ 25 Å, indicative of a tri-
layer of molecules (Figure 31b). 
The concentration profiles for palmitate on kaolinite at a surface density of 1.0 molec 
nm-2 exhibit a broad low-intensity distribution from ~20 – 37 Å, which is indicative of 
the tilted orientation of the molecules with respect to the mineral surface (Figure 31c). 
When the surface density of the molecules was increased to 2.3 molec nm-2 the band 
for the palmitate molecules increases both in extent (~20 – 39 Å) and intensity when 
K+, Mg2+ and Ca2+ ions are present in the simulations (Figure 31d). There is a clear 
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peak in the sodium palmitate concentration profile that suggests a higher degree of 
structuring of the organic layer than observed for the other salts. 
Figure 31 Concentration profile of palmitate molecules on (a & b) silica and (c & d) 
kaolinite with 1.0 and 2.3 molec nm-2 surface densities, respectively. 
5.3.4 Concentration Profiles: Water and Mineral Surface 
The location of water molecules relative to the mineral surfaces is shown in the 
concentration profiles in Figure 32 a – d. For palmitate layers of 1.0 molec nm-2 surface 
density on silica, the concentration profile started from low intensity at the mineral 
surface (~ 20 Å) and gradually increased to the bulk density value (0.1 atoms Å-3) at 
26  Å, suggesting that water molecules were interacting with the mineral surface 
(Figure 32a). However, at 2.3 molec nm-2, the concentration profile for water did not 
rise above zero atoms Å-3 until ~28 Å indicating the organic layering was enough to 
inhibit water-surface contact on silica (Figure 32b). For kaolinite, there was an initial 
peak in the water concentration profile at ~ 20 Å indicating that many water molecules 
interacted with the clay surface at both surface densities (Figure 32c and 32d). 

























































exposure of the mineral surface to the water, and this interaction was independent of 
cation. As noted earlier, two different conformations were observed for sodium 
palmitate on kaolinite (2.3 molec nm-2). From the simulation with semi-tilted organic 
molecules, the interaction of water with the mineral surface was identical to that 
observed for the other salts (Figure 32d). However, for the alternate simulation with 
the lateral arrangement of the organic molecules, the concentration profile for water 
did not rise above zero until ~30 Å (see Appendix) indicating exclusion of water from 
the mineral surface.    
Figure 32 Concentration profile of water molecules on (a & b) silica and (c & d) 
kaolinite with 1.0 and 2.3 molec nm-2 surface densities. 
5.3.5 Concentration Profiles: Cations and Mineral Surface 
The positions of the cations relative to the mineral surfaces were also determined via 
concentration profile analysis. For silica with a surface coverage of 1.0 molec nm-2 of 
palmitate, two peaks (18 Å and 21 Å) were observed for the sodium, magnesium and 
calcium ions on silica, indicating that these ions are not all in contract with the surface 
(Figure 33a). A single peak observed for the potassium ions shows that the majority of 

























































some ions have moved into the bulk water region. At 2.3 molec nm-2, a single large 
peak (18 - 19 Å) was observed for sodium, potassium and calcium ions on silica 
(Figure 33b). A second small peak (~25 Å) was also observed for calcium ions, 
suggesting that some of these ions are in the organic layer. A broad peak (17-20 Å) 
was observed for the magnesium ions, suggesting that the majority of these ions were 
not in contact with the silica surface. By contrast, the concentration profiles for all four 
ion types exhibited a single peak at ~20 Å on kaolinite at both surface densities 
indicating that the cations remained in contact with the mineral surfaces (Figure 33c 
and 33d).  
Figure 33 Concentration profile of cations, with 1.0 and 2.3 molec nm-2 surface 
density, on (a & b) silica and (c & d) kaolinite surfaces.  
5.3.6 Mean-Square Displacement: 
Mean-square displacement calculations were carried out to evaluate the mobility of 
the polar carbon atoms at the polar head (C1) and the non-polar tail (C16) of the 


























































Figure 34 Polar (C1) and non-polar (C16) carbon atom location in the carbon chain of 
a palmitate molecule.  
 
For a palmitate layer of 1.0 molec nm-2 on silica, the polar carbon exhibited the greatest 
mobility in the presence of potassium (Figure 35a). The polar carbon atoms retained 
some mobility when sodium or magnesium cations were present but had almost no 
mobility in the presence of calcium cations. The mobility of the polar carbon atoms on 
silica significantly decreased at 2.3 molec nm-2 for models with sodium, potassium or 
magnesium cations (Figure 35a). The polar carbon atoms mobility in the presence of 
Ca2+ was relatively unchanged by the increase in surface coverage.  
For a surface coverage of 1.0 molec nm-2 palmitate on kaolinite, the polar carbons 
exhibited the highest mobility for the sodium salts followed by calcium, potassium and 
magnesium (Figure 35b). Increasing the surface density of palmitate molecules to 2.3 
molec nm-2 significantly lowered mobility of C1 atoms on kaolinite, except for 














Figure 35 Relative mobility of the polar carbon atom (C1) of palmitic acid and 
palmitate salts on silica (a) and kaolinite (b) surfaces.  
 
In general, mobility of the non-polar terminal carbon atoms (C16) was much higher 
than the polar C1 atoms (Figure 36). On silica, C16 mobility increased with surface 
density in the presence of sodium, potassium and calcium ions (Figure 36a). The non-
polar carbon had the highest mobility for the potassium salt at both surface densities. 
The sodium and calcium salts exhibited similar mobility at both surface densities, but 
this was lower than the mobility observed for the potassium salt (Figure 36a). The 
magnesium salt had higher mobility than the Na+ and Ca2+ salts at 1.0 molec nm-2 
surface coverage, but lower mobility at 2.3 molec nm-2. Mobility of C16 atoms on 
kaolinite decreased with an increased surface density of palmitate molecules for the 
potassium salts but showed less change for the Na+, Mg2+ and Ca2+ salts (Figure 36b).  
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Figure 36 Relative mobility of the non-polar terminal carbon atom (C16) of palmitic 
acid and palmitate salts on silica (a) and kaolinite (b) surfaces.  
5.4 DISCUSSION: 
The accepted model of SWR induction involves the formation of a stable hydrophobic 
layer of organic molecules anchored to the soil particles surfaces, preventing wetting 
by water. The experimental loadings show that strong to severe SWR was induced on 
sand by magnesium and calcium palmitate, but sodium and potassium palmitate had 
negligible effect. Increasing surface coverage of magnesium and calcium palmitate on 
sand from 1.0 molec nm-2 to 2.3 molec nm-2 had a very large effect on the water 
repellency (~ 3 to 4 times increase). This implies that the distribution and anchoring 
of the palmitate salts with divalent cations was different from that of the salts with 
monovalent cations. The greater charge of the divalent cations was well suited to 
provide stable cation bridges between negatively charged palmitate molecules and the 
negatively charged silica surfaces and was therefore a likely basis for anchoring 
(Scheme 1).  
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Scheme 3 Palmitate molecules on silica surface. 
 
Thus, it is likely that cation-bridging is an important organo-mineral interaction in 
SWR. Monovalent ions provide much weaker bridging potential, given that individual 
cations can only partially balance the charge of the molecules and the local surface 
groups, whereas individual divalent cations offer full charge interaction between the 
deprotonated surface oxygen atoms and the acidic oxygen atoms of the palmitate ions. 
Hydrogen bonding between mineral surfaces groups and the carboxylate of palmitate 
can also bind the organic molecules to the sand particles (Scheme 1) but this form of 
anchoring was weaker than cation bridging by the divalent salts. However, for the 
protonated molecule (palmitic acid), hydrogen bonding is the primary organo-mineral 
interaction on sand and can lead to even higher levels of water repellency (~ 10,000 s 
at 2.3 molecules nm-2) (Daniel et al., 2019).  The lower binding strength of the 
monovalent cation may also lead to the inversion of the palmitate molecules, resulting 
in the formation of micelle-like structures, where the polar head-groups of some of the 



































By comparison, only magnesium palmitate had any effect on inducing water 
repellency on kaolinite, making it moderately repellent at a surface coverage of 2.3 
molec nm-2. With the kaolinite surface being charge-neutral, cation-bridging between 
the organic molecules and the clay surface is unlikely to be a dominant organo-mineral 
interaction, resulting in less absorption of the palmitate ions to the kaolinite surface 
and little water repellency (Scheme 2). In fact, the WDPT for the divalent cation 
palmitate salts are similar to the values obtained for palmitic acid at the same loading 
levels (Daniel et al., 2019). Therefore, H-bonding between the kaolinite surface and 
polar headgroups of the palmitate salts appears to be the dominant organo-mineral 
interaction. (Scheme 2), as noted also for palmitic acid (Daniel et al., 2019). Changes 




Scheme 4 Palmitate molecules on kaolinite surface. 
 
However, in one of the simulations of sodium palmitate on kaolinite there was a 
different molecular orientation of the palmitate molecules. The lateral arrangement of 
sodium palmitate molecules in this one simulation was unexpected and is a possible 
meta-stable configuration. Two mechanisms are proposed for the formation of this 
meta-stable configuration: (i) organo-organo water-bridging or (ii) organo-organo 
cation-bridging. The broad shoulder ~28 – 35 Å in the water-to-surface concentration 
profile (see Appendix) suggests that some of the water molecules are positioned within 
the outer organic layer. This outer layer is too far away from the mineral surface to 
form hydrogen bond interactions with the mineral surface. Aquino et al. (2011) found 
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that water-bridging was able to stabilise carboxyl groups of separate molecules in 
molecular dynamics simulations involving humic acid. Therefore, one possible 
explanation for the layering is the formation of organo-water bridges. These bridges 
may be stable enough to prevent additional water molecules from disrupting the 
structure of the organic layer. The second potential explanation for the lateral 
arrangement of the palmitate molecules is cation bridging between carboxylate groups 
rather than with the mineral surface. On average there was only one organo-mineral 
hydrogen bond per palmitate molecule, leaving the second O- atom of the carboxylate 
group available to interact strongly with cations, and establish organo-organo cation-
bridges between separate palmitate ions. It was noted that in this particular simulation 
there was a loose clustering of the sodium cations. When this simulation was rerun 
with the sodium cations more evenly dispersed across the kaolinite surface, the non-
polar palmitate tails lifted off the surface in a perpendicular orientation consistent with 
the other kaolinite models. Thus, the grouping of the Na+ ions may have been what 
enabled the formation of a meta-stable configuration to occur, whereas a greater 
distribution of the cations did not. We speculate that the meta-stable configuration is 
unlikely to survive for long periods under environmental conditions due to 
heating/cooling and wetting/drying cycles, but it may exist as a transition between 
different structural configurations.   
The molecular dynamics simulations revealed that the palmitate molecules had a 
lateral arrangement on silica, which meant a small number of molecules could cover a 
large area of the mineral surface (Scheme 1). This was particularly noticeable with the 
divalent cations that facilitated a near linear arrangement of each pair of bound 
palmitate molecules. Higher surface densities resulted in layering, which created an 
even greater barrier to water, on the mineral surface.  
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On kaolinite the non-polar tails of the palmitate molecules were not strongly bound to 
the mineral surface, allowing them to be lifted off, and resulting in a semi-tilted 
arrangement (Scheme 2). This configuration resulted in a lower degree of the kaolinite 
surface being covered and enabled water molecules to interact with the surface 
(Scheme 2). At the higher surface density (2.3 molec nm-2), the additional palmitate 
molecules did lead to greater coverage of the mineral surfaces. However, all the 
palmitate molecules maintained a tilted orientation, leaving some regions of the 
mineral surface exposed to water. This explained the fact that only low levels of 
repellency (WDPT < 104 s) were observed on kaolinite.  
Two peaks were observed in the cation concentration profiles for the simulations of 
silica with a palmitate surface coverage of 1.0 molec nm-2. The first of these peaks (18 
Å) was located close to the silica surface (17 Å) and represented a group of cations 
that were providing bridging between the palmitate ions and the mineral surface 
(Scheme 1). This population of organo-mineral bridging cations was greatest at 1.0 
molec nm-2 for magnesium and calcium, consistent with the high experimental water 
repellency observed at this loading. The second peak (21 Å) in the cation concentration 
profiles represented cations located further from the mineral surface that provided 
bridging between different palmitate ions. Thus, it is likely that the cations were both 
bridging the palmitate ions to the surface and each other. Cation bridging between 
palmitate ions was favoured in the presence of sodium ions. Potassium cations were 
distributed throughout the organic layer, which indicated they contributed to both 
organo-mineral and organo-organo bridging. At 2.3 molec nm-2, the cations are all 
present at the silica surface, suggesting organo-mineral interaction was favoured over 
organo-organo interaction. It is speculated that the strength of cation-bridging 
provided by the monovalent cations (Na+ and K+) was not strong enough to bind 
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palmitate ions to the mineral surfaces at low organic surface coverage thus precluding 
the development of SWR. 
For the clay simulations, the cations were located close to the kaolinite surface at both 
levels of palmitate coverage. However, the absence of formal negative charges on the 
mineral surface meant that the binding of the cations and therefore the palmitate 
molecules to the kaolinite was relatively weak (Scheme 2). This was consistent with 
the experimental observations of little or no water repellency. Furthermore, during one 
of the potassium palmitate simulations, one of the organic molecules was solvated and 
released from the organic layer, further demonstrating the weak binding to clay. 
5.5 CONCLUSION: 
The experimental and computational results of this study revealed that the degree of 
organo-mineral binding of palmitate to sand and kaolinite surfaces is considerably 
different. The non-polar tails of the organic molecules did not interact strongly with 
the kaolinite surface, resulting in a semi-tilted arrangement that allowed water 
molecules to easily come into contact with the mineral surface. Consequently, 
palmitate did not readily induce water repellency on kaolinite.  
On silica, the hydrophobic tails of palmitate remained in contact with the surface, 
allowing the organic molecules to layer more densely. This resulted in greater surface 
coverage by the organic molecules, providing less accessibility for water to the mineral 
surface and inducing water repellency.  
Cation-bridging was identified as an important organo-mineral interaction for the 
induction of water repellency on sand/silica. However, based on the loading 
experiments, it is suggested that Na+ and K+ ions do not strongly bind the organic 
molecules to the mineral surfaces. However, Mg2+ and Ca2+ ions facilitated significant 
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cation bridging between palmitate and silica, consistent with the high levels of SWR 
observed experimentally. By contrast, cation-bridging is unlikely to be the dominant 
organo-mineral interaction to kaolinite in the absence of significant mineral surface 
charge.  
The loss of acidic hydrogen atoms on the palmitate ions weaken organo-organo 
interactions in these systems, compared to previous studies which have used palmitic 
acid. However, organo-organo cation-bridging and water-bridging are additional 
stabilisation mechanisms that could be occurring to mitigate the disruption of the 
organic bulk.  
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Chapter 6: Investigation of pH 
effects in charged organo-mineral systems – 
A computational study. 
Abstract: 
Soil water repellency is a natural phenomenon on sandy soils but also a costly 
constraint for agriculture. The addition of inorganics to soil via claying and liming 
have both been used as amendments for SWR, with their efficacy often attributed to 
increased mineral surface area and microbial activity, respectively. However, both of 
these amendments also modify the soil chemistry by introducing mineral surface 
charges and changing pH. To better understand the impact of these amendments at the 
molecular level, improved fully atomistic molecular dynamics models were developed 
to incorporate pH, mineral surface charge, molecular ionisation and water. At low 
surface density (1.0 molecules nm-2), the organic arrangement on sand can be altered 
by changing the pH, making it more or less hydrophobic. Cation-bridging was 
discovered to be an important organo-mineral binding mechanism to surface sites on 
negatively charged silica surfaces. Divalent cations (Ca2+ and Mg2+) counteract the 
repulsive interaction between palmitate ions and silica surfaces that would otherwise 
prevent SWR from developing. Although cation-bridging can occur on kaolinite, the 
greater degree of surface site protonation favours intermolecular hydrogen-bonding 
with palmitic acid.  Therefore, water molecules were able to infiltrate through the 
organic molecules on kaolinite above pH 4.    
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6.1 INTRODUCTION: 
Soil water repellency continues to be a problem for agriculture in many regions of the 
world that have sandy soils (Jiménez-de-Santiago et al., 2019; Ruthrof et al., 2019). 
The complexity of soil matrices and the high spatial variability make generic 
amelioration strategies difficult to implement with a high degree of success. 
Development of site-specific treatments requires continued research into the 
underlying mechanisms, and how these mechanisms may be manipulated to lower 
SWR. Inorganic solutions include the addition of clays, which have been found to 
reduce water repellency in real soils (McKissock et al., 2000) and artificial soils 
(Daniel et al., 2019; Lichner et al., 2006). A possible explanation proposed by Ward 
and Oades (1993) is the ‘dilution’ of soil organic material on mineral grains by addition 
of high-surface area clay particles. However, they also noted that it is necessary to 
account for how the clay particles interact with other soil components. The previous 
chapters addressed the dilution concept by normalising the concentration of organic 
compounds to the surface area of the soil particles rather than the mass of inorganic 
material. This revealed that for equivalent loadings of palmitic acid, inherent 
differences remained in the wettability of sand and clay. These differences could be 
attributed to differences in mineral surface chemistry and were linked to the presence 
or absence of surface charges on the mineral particles. However, surface charges are 
not a static property of minerals but are related to environmental factors such as pH. 
Roper (2005) reported that addition of lime to soil can increase microbial activity, 
which would accelerate the break-up of water repellency inducing compounds. 
However, introduction of lime to the soil also influences pH, which in turn affects the 
ionisation of some organic compounds and the surface charges of soil minerals. 
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Recent molecular modeling studies have shown that organic molecules in uncharged 
systems form layers on sand and clay surfaces, and are bound to the mineral surface 
by hydrogen bonding and van der Waals (vdW) interactions (Daniel et al., 2019; Uddin 
et al., 2017; Uddin et al., 2019; Walden et al., 2015). However, the effects of pH on 
the molecular level organo-mineral interactions in these systems is uncertain.  
Experimental studies present a general trend of reduction in repellency with increasing 
pH (Amer et al., 2017; Bayer and Schaumann, 2007; Diehl et al., 2010; Lebron et al., 
2012). It has been speculated that the effect of pH on SWR is related to conformation 
changes in the soil organic material (Bayer and Schaumann, 2007), acid dissociation 
(Diehl et al., 2010) and/or chemical reactions (Amer et al., 2017; Diehl et al., 2010). 
In order to investigate some of these factors, improved fully atomistic models have 
been developed for this study to include pH related changes in mineral surface charge 
and organic acid dissociation. Water has also been introduced into the models to 
identify differences in mineral surface wettability in the presence of organic molecules. 
The aim of this study is to identify changes in the organo-mineral binding mechanisms 
that occur in water repellent soils, and the formation of hydrophobic layers and organic 
structuring that take place when pH is altered.  
6.2 METHODS: 
Models used in the current study are based on those reported previously (Daniel et al., 
2019) with modifications to incorporate pH dependent charges. Amorphous silica was 
used to represent a sand particle surface and the gibbsite surface of kaolinite 
represented a clay surface. The models represent pure mineral surfaces with no 
isomorphic substitutions of silicon or aluminium.  Both silica and kaolinite (Al-OH) 
have pH dependent surface charges. Therefore, to generate surface charge in each 
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model, hydrogen atoms either were added or removed at the exposed silica and 
kaolinite (Al-OH) surfaces. 
 At pH 4 the amorphous silica (sand) is close to the point of zero charge (Barisik et al., 
2014). Therefore, no surface charge was introduced into the models on silica at pH 4. 
Furthermore, at pH 4 the palmitic acid molecules are also below the pKa (4.75), thus 
only ~1.8 % of the molecules would be dissociated. As this equates to less than 1 
molecule in each model, all palmitic acid molecules are protonated at pH 4 in this 
study. At pH 6 and 8, palmitic acid is fully deprotonated and therefore was represented 
in the models as the palmitate ion. Fully atomistic models of hexadecanoic acid 
(palmitic acid, PA) and the palmitate ion were built, and surface coverages of 1.0 and 
2.3 molecules nm-2 were used. 
The surface of silica carries a slight negative charge (Table 11) at pH 6, which was 
incorporated in the models by removing exposed hydrogen atoms. At pH 8, to achieve 
the appropriate surface charge on silica, all exposed hydrogen atoms were removed, 
producing a fully deprotonated surface. Kaolinite was slightly positive at pH 4 and 
slightly negative at pH 8. Full details of the surface charges at each pH are presented 
in Table 11.  In order to balance the charge, sodium, potassium, magnesium or calcium 
cations were included in the models. Water molecules (768) were also included in 
these models to simulate a layer of water ~20 Å thick.   
Interatomic potentials were modelled using the COMPASS force field (Sun, 1998), 
which has previously been shown to provide a suitable description of polar and non-
polar interactions at condensed interfaces (Prime et al., 2011; Shaw et al., 2013). 
Coulomb forces were calculated using the Ewald method, and van der Waals 
interactions were determined using atom-based summation with a cut-off distance of 
12.5 Å, a spline width of 1.00 Å and a buffer of 0.5 Å. Energy minimization of 
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chemical structures was achieved using conjugate gradient procedures. Simulations 
were carried out using the canonical ensemble (NVT) conditions, with 1 – 5 ns 
equilibration, 5 – 15 ns data acquisition and 1 fs time steps. The temperature was set 
at 298 K, monitored using the Anderson thermostat, and a collision ratio of 1.0.    
 Table 11 Surface charge of model silica and kaolinite, and comparison literature 
values. 
pH Lit Value (e- nm-2) Model Value (e- nm-2) 
Silica (Barisik 





4 0 + 0.037 0 + 0.036 
6 - 0.12 0 - 0.12 0 
8 - 0.44 - 0.044 - 0.46 - 0.038 
 
A large number of variables were investigated in this study including: pH (4, 6 and 8), 
mineral surface (sand/silica and clay/kaolinite), organic loading level (1.0 and 2.3 
molecules nm-2) and cations (Na+, K+, Mg2+ and Ca2+) to balance charges. To provide 
a logical structure in which to consider data associated with all these variables, the 
results section has been divided into 3 parts corresponding with the three pH values 
considered. 
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6.3 RESULTS:  
6.3.1 Structure and properties of organic layers on silica and kaolinite at pH 4 
At pH 4, neither the amorphous silica (sand) surface nor the palmitic acid molecules 
are charged. Most of the palmitic acid chains were in direct contact with the silica and 
had a lateral orientation with respect to the surface. However, some chains were not in 
direct contact with the surface but located above the first layer of chains and had a 
tilted orientation (Figure 37). The acid molecules did not explore the whole surface, 
and instead become anchored to other nearby chains, forming a localised aggregate. 
Therefore, at 1.0 molec nm-2, not all the silica surface was covered by the palmitic acid  





Figure 37 Equilibrium snapshots (side-on and top-down views) of palmitic acid 
molecules on silica at pH 4 with (a & b) 1.0 and (c & d) 2.3 molec nm-2 surface 
densities. 
 
Increasing the surface density of palmitic acid molecules to 2.3 molec nm-2 at pH 4 
resulted in a thicker organic layer on silica. The palmitic acid molecules had less 
distinct orientation compared to those at 1.0 molec nm-2, with both parallel and tilted 
arrangement relative to the surface being observed. The top-down view (Fig. d) shows 
that most of the silica surface was covered by the palmitic acid molecules, resulting in 




The kaolinite-gibbsite (Al-O-OH) surface has a slight positive surface charge (+0.037 
e- nm-2) at pH 4. With an organic layer surface coverage of 1.0 molec nm-2, no layering 
of the palmitic acid molecules occurred (Figure 38), with most of the molecules 
oriented with the polar head-groups close to the kaolinite surface and the non-polar 
tails away from the surface and surrounded by water molecules. This organic 
structuring allowed water molecules to freely interact with the kaolinite surface. 
Increasing the surface density to 2.3 molec nm-2 significantly changed the organic 
structure. At the higher surface density, the palmitic acid molecules formed lateral 
layers, which covered most of the kaolinite surface (Figure 38d). Thus, the bulk of 
water molecules were blocked from interacting strongly with the kaolinite surface at 






Figure 38 Equilibrium snapshots (side-on and top-down views) of palmitic acid 
molecules on kaolinite at pH 4 with (a & b) 1.0 and (c & d) 2.3 molec nm-2 surface 
densities. 
 
Concentration profile analysis was carried out to examine the organic structuring in 
more detail. At pH 4 with an organic layer surface density of 1.0 molec nm-2, most 
palmitic acid molecules formed a single layer on silica, although a slight shoulder at 
~24Å is consistent with some degree of stacking or clumping of the molecules (Figure 
39). By comparison, the smaller peak height and broad tail observed in the RDF plot 
for kaolinite, with 1.0 molec nm-2 surface density, is indicative of the lack of lateral 
layering observed in the equilibrium snapshots (Figures 37 & 38.).  At 2.3 molecules 




~18 – 27 Å, indicative of a dense organic layer. On kaolinite at the same density of 
palmitate, there is evidence of peaks at ~23 Å and ~27 Å with a shoulder at ~30 Å, 
which was consistent with the observation of lateral layering of organic molecules. 
 
 
Figure 39 Concentration profile analysis between palmitic acid molecules with (a) 
silica and (b) kaolinite at pH 4 with 1.0 and 2.3 molec nm-2 surface densities. 
 
Concentration profile analysis was also used to visualise and compare how much water 
was able to interact with each mineral surface. On silica, at pH 4 with 1.0 molec nm-2 
of palmitic acid, the concentration profile for water shows a gradual rise from ~ 19 Å, 
indicating only a few water molecules were in contact with the surface. For kaolinite 
with the same organic coverage, the water concentration profile has a definite peak at 
~ 20 Å indicating a larger amount was present on the kaolinite surface (Figure 40).  
However, at 2.3 molec nm-2 of palmitate, the water concentration profiles were 

































Figure 40 Concentration profile analysis between water with (a) silica and (b) 
kaolinite at pH 4 with 1.0 and 2.3 molec nm-2 surface densities. 
 
RDF analysis was used to identify associations between defined atom types and infer 
what interactions were occurring. The palmitic acid oxygen atoms are reported as 
carbonyl O (O=C), hydroxyl O (O-H), and the acidic H is defined as the hydrogen 
atom bonded to the hydroxyl O (Figure 41). Above pH 4, the deprotonation of the 
acidic hydrogen atom results in resonance of the double-bond and leaves no distinction 
between the oxygen atoms. 
 

































Terminal end (C13 – C16) Middle (C7 – C10) Polar end (C1 – C4)
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RDF analysis between carbon atoms of the organic molecules and the surface oxygen 
atoms of silica revealed that the hydrophobic tails came within 3.55 Å of the mineral 
surface (see Appendix), which is consistent with a van der Waal type interaction. The 
minimum distance between the organic carbon backbone and the silica surface was 
independent of organic layer surface density or pH and cation type. On kaolinite, the 
minimum distance was slightly smaller, at approximately 3.15 Å (see Appendix).  
At pH 4, the palmitic acid molecules remain protonated, allowing for the possibility of 
organo-mineral hydrogen-bonds to be both donated and accepted with the mineral 
surfaces. At 1.0 molec nm-2, the RDF between carbonyl oxygen atoms of the organic 
acid molecules and exposed hydrogen atoms of the silica surface exhibited a peak at 
1.95 Å, indicative of H-bonding (Figure 42a & c). However, the RDF between acidic 
hydrogen atoms of palmitic acid (with 1.0 molec nm-2 surface density) and silica 
surface oxygen atoms had a peak at 3.15 Å, which is beyond the normal H-bond range. 
Therefore, organo-mineral hydrogen bonding to silica occurs between the carbonyl 
oxygen of the acid molecules and the exposed surface hydrogen atoms, but not from 
the acid molecules to the surface oxygen atoms, at the lower surface density (Figure 
43).  
With a surface coverage of 2.3 molec nm-2, the RDFs between polarised groups of the 
acid molecules and the silica surface exhibited peaks at 1.55 to 1.95 Å, which indicated 
that the palmitic acid molecules acted as both H-bond donors to the surface silanol 
groups and H-bond acceptors via the carbonyl oxygen atoms (Figure 43). RDF analysis 
also indicated the possibility of hydrogen bond interactions at 2.3 molec nm-2 between 
the hydroxyl oxygen atoms of the palmitic acid molecules and the exposed hydrogen 
atoms of the silica surface, although it was a weaker interaction than the corresponding 
interaction with the carbonyl oxygen atoms (Figure 42).  
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On kaolinite, at pH 4, the palmitic acid molecules acted as both donor and acceptor at 
1.0 and 2.3 molec nm-2, which is signified by peaks in the corresponding RDFs at 1.55 
Å and 1.95 Å, respectively (Figures 42 & 43). The carbonyl oxygen acts as the primary 
acceptor, with the hydroxyl oxygen only participating in organo-mineral hydrogen 
bonding at 1.0 molec nm-2, and much less dominantly than the carbonyl oxygen.  
 
Figure 42 RDF analysis between the carbonyl oxygen atoms of the palmitic acid 
molecules with the exposed hydrogen atoms of (a) silica and (c) kaolinite. RDF 
analysis between the hydroxyl oxygen atoms of palmitic acid molecules and the 
surface hydrogen atoms of the (b) silica and (d) kaolinite surfaces, at pH 4 with 1.0 
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Figure 43 RDF analysis between the acidic hydrogen atoms of the palmitic acid 
molecules with the surface oxygen atoms of (a) silica and (b) kaolinite, at pH 4 with 
1.0 and 2.3 molec nm-2 surface densities. 
 
With the palmitic acid molecules remaining protonated at pH 4, intermolecular organo-
organo hydrogen bonding was also possible at pH 4. However, on silica with 1.0 molec 
nm-2, there was no evidence in the RDF analysis suggesting that organo-organo 
hydrogen bonding interactions occurred, whereas it was observed with 2.3 molec nm-
2 (peak at 1.95 Å indicating an interaction). This interaction occurred primarily 
between the carbonyl oxygen and acidic hydrogen of separate palmitic acid molecules, 
with a smaller peak observed at 1.95 Å involving the hydroxyl oxygen atoms to acidic 
hydrogen. This indicates that there was only a weak long-range interaction between 
these atom types at 1.0 molec nm-2 on silica, whereas organo-organo hydrogen-
bonding occurred at 2.3 molec nm-2 (Figure 44). In addition, no intermolecular 
hydrogen bonding between separate palmitic acid molecules was observed at 1.0 or 
2.3 molecules nm-2 on kaolinite. At 2.3 molec nm-2, there were peaks in the carbonyl 
oxygen-acidic hydrogen and hydroxyl oxygen-acidic hydrogen RDFs at 2.75 Å and 
2.35 Å, respectively. However, these peaks indicate that there was only a weak long-
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pH 4 2.3 molec nm-2
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except for possible minor interaction involving the hydroxyl oxygen atoms at 2.3 
molec (Figure 44). 
 
Figure 44 RDF analysis between the carbonyl oxygen atoms of the palmitic acid 
molecules with the acidic hydrogen atoms of separate acid molecules on (a) silica and 
(c) kaolinite, and the hydroxyl oxygen atoms and acidic hydrogen atoms of separate 
acid molecules on (b) silica and (d) kaolinite, at pH 4 with 1.0 and 2.3 molec nm -2 
surface densities. 
 
At 1.0 molec nm-2, RDF analysis between H-bond donation from the acidic hydrogen 
atoms of the palmitic acid molecules to the oxygen atoms of the water revealed peaks 
at 1.55 Å and 1.55 Å on silica and kaolinite, respectively (Figure 45). This indicated 
H-bond donation from the acids to water on both mineral surfaces, but this was more 
significant on silica than kaolinite. There were no peaks in the corresponding RDFs at 
the larger surface density (2.3 molec nm-2), indicating no hydrogen bond donation from 
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Figure 45 RDF analysis between the acidic hydrogen atoms of the palmitic acid 
molecules with the oxygen atoms of water on (a) silica and (b) kaolinite, at pH 4 with 
1.0 and 2.3 molec nm-2 surface densities. 
 
Additionally, at 1.0 molec nm-2 the carbonyl oxygen atoms of palmitic acid acted as 
H-bond acceptors from the water hydrogen atoms on both mineral surfaces as shown 
by a peak at 1.95 Å (Figure 46a & c). A weak interaction involving the hydroxyl 
oxygen atoms also occurred at 1.0 molec nm-2 on silica (Figure 46b). However, at 2.3 
molecules nm-2 of palmitic acid, there were no peaks in the corresponding RDFs to 
indicate that the organic molecules were accepting H-bonds from water at this pH and 































pH 4 1.0 molec nm-2




Figure 46 RDF analysis between the carbonyl oxygen atoms of the palmitic acid 
molecules with the hydrogen atoms of water on (a) silica and (c) kaolinite, and the 
hydroxyl oxygen atoms and hydrogen atoms of water on (b) silica and (d) kaolinite, at 
pH 4 with 1.0 and 2.3 molec nm-2 surface densities. 
 
Water-to-mineral surface hydrogen bonds occurred on both mineral surfaces at 1.0 
molec nm-2 surface density as demonstrated by peaks at 1.95 Å and 1.55 Å for silica 
and kaolinite, respectively. H-bond donation from the silica surface to the water was 
the dominant interaction, whereas H-bond donation from water to the silica surface 
was minimal. By contrast, H-bonding via donation from both the water hydrogen 
atoms to the exposed surface oxygen atoms, and donation from the surface hydrogen 
atoms to the water oxygen atoms, was approximately equal on kaolinite (Figure 47). 
In contrast, at 2.3 molec nm-2, there were no peaks in the RDFs, signifying that no 
water-to-surface hydrogen bonding was observed on either surface at pH 4. Thus, 
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water molecules were not able to penetrate through the organic layers to the surface at 
pH 4 and the higher surface density of organic molecules.  
 
Figure 47 RDF analysis between the hydrogen atoms of the water molecules with the 
surface oxygen atoms of (a) silica and (c) kaolinite, and the oxygen atoms of the water 
molecules and exposed hydrogen atoms on (b) silica and (d) kaolinite, at pH 4 with 
1.0 and 2.3 molec nm-2 surface densities. 
 
Torsion distribution analysis was carried out to investigate orientation of the organic 
chains. Each chain was categorised into three sections: the polar-end (C1 – C4), the 
middle of the chain (C7 – C10) and the terminal-end (C13 – C16). “Trans” (~ 180o) 
and “Cis” (~ 60o) conformations were identified (Figure 48). The lowest energy 
arrangement for individual molecules occurs when all C-C-C-C torsions are in the 
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Figure 48 (A) Trans and (B) cis configurations. 
 
In all the simulations the middle and end sections of the carbon chains were 
predominantly in the trans conformation as shown by peaks at 180 degrees in the 
torsion distribution plots (Figure 49). However, due to the dynamic nature of the layers 
at 298 K, there was some twisting in the carbon chains giving rise to smaller peaks at 
~ 73 degrees. At pH 4, a trans conformation was also favoured for the polar head group 
on both mineral surfaces (Figure 49). 
 
Figure 49 Torsion distributions of carbon backbone of palmitic acid at 1.0 and 2.3 
































































The strength of the binding of the organic layers to the mineral surfaces was 
determined by calculating the total interaction energy, which is the sum of the 
Coulomb (electrostatic) and van der Waals (dispersion) contributions. Negative 
interaction energies indicate attractive interactions, while positive values indicate 
repulsive interaction. The interaction energies have been normalised to the number of 
molecules to allow direct comparison between the two surface coverages.  
The total organo-mineral interaction was attractive at pH 4 for both levels of surface 
coverage on both mineral surfaces (Figure 50). On silica, the van der Waals component 
was greater than the Coulomb interaction. In comparison, Coulomb forces were 
dominant on kaolinite. The total interaction energy per molecule on silica was greater 
for a layer at 1.0 molec nm-2 compared to 2.3 molec nm-2. In comparison, the total 
interaction energy on kaolinite was similar for both levels of surface coverage. 
 
Figure 50 Interaction energies at pH 4 between palmitic acid molecules and (a) silica 
and (b) kaolinite surfaces with 1.0 and 2.3 molecules nm-2 surface densities.  
 
Interaction energy between water molecules and the mineral surfaces provided an 
indirect measure of water repellency (Figure 51). At pH 4, the interaction energy on 
silica was very low at both surface densities, whereas on kaolinite it was noticeably 













































































kaolinite was due to a significant Coulomb interaction (-399 kJ nm-2) that was only 
partly offset by a repulsive vdW interaction. 
 
 
Figure 51 Interaction energies at pH 4 between water molecules and (a) silica and (b) 
kaolinite surfaces with 1.0 and 2.3 molecules nm-2 surface densities.  
 
The interaction energy between water and the organic layer was also calculated. At pH 
4, water interacts with palmitic acid molecules more strongly at 1.0 molec nm-2 
compared to 2.3 nm-2 on both mineral surfaces (Figure 52). On silica this is mainly 
due to a significant Coulomb contribution that disappears at the higher surface density. 
On kaolinite, the contributions from vdW and Coulomb components are similar at 1.0 
molecules nm-2, but again the Coulomb component disappears at the higher surface 



























































Figure 52 Interaction energies at pH 4 between water and palmitic acid molecules on 
(a) silica and (b) kaolinite surfaces with 1.0 and 2.3 molecules nm-2 surface densities.  
 
Hydrogen-bond analysis revealed that less than 1 hydrogen bond per molecule 
occurred between palmitic acid and silica at pH 4 with a surface coverage of 1.0 molec 
nm-2. When the surface coverage was increased to 2.3 molec nm-2, there was a slight 
increase in the number of hydrogen bonds per molecule to silica (~1). However, 
approximately double the number of hydrogen bonds per molecule occurred between 
palmitic acid and kaolinite (~2) for both levels of surface coverage. 
Water to surface H-bonding was relatively low (~ 2 H-bonds nm-2) on silica with a 1.0 
molec nm-2 palmitic acid coverage. By contrast, many hydrogen bonds (~14 nm-2) 
occurred between water molecules and the kaolinite surface with the same level of 
palmitic acid coverage. When the organic layer density was increased to 2.3 molec nm-
2, virtually no water-to-surface hydrogen bonding occurred on either mineral surface. 
Furthermore, water-to-acid hydrogen bonding only occurred at 1.0 molec nm-2 on both 



































































Table 12 Number of hydrogen bond interactions between palmitic acid to surface, 










Palmitic acid to 
surface (per 
molec) 
0.36 ± 0.04 1.12 ± 0.12 2.27 ± 0.27 2.12 ± 0.14 
Water to surface 
(per molec nm-
2) 





1.67 ± 0.25 0 0.99 ± 0.23 0 
 
6.3.2 Structure and properties of organic layers on silica and kaolinite at pH 6 
 
Increasing the pH to 6 introduced a negative surface charge (-0.12 e- nm-2) to the silica 
and led to deprotonation of the palmitic acid molecules. The deprotonation of the 
palmitic acid molecules at pH 6 removed the possibility of hydrogen bond donation to 
the mineral surfaces. Nonetheless, organo-mineral hydrogen bond interactions could 
still occur via the oxygen atoms of the palmitic acid molecules acting as the acceptor. 
The resulting organic arrangement at pH 6 with either 1.0 or 2.3 molec nm-2 was lateral 
to the silica surface, with staggering of the non-polar carbon tails (see Appendix). By 
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contrast, no organic layering was observed on kaolinite at either surface density at pH 
6 (see Appendix). The chains interacted weakly with the kaolinite surface, resulting in 
a tilted arrangement with the non-polar tails directed away from, and not in contact 
with, the kaolinite surface. With a surface coverage of 2.3 molec nm-2 at pH 6, the 
presence of Mg2+ and Ca2+ cations increased the minimum distance of the carbon 
chains to the kaolinite surface from 3.15 Å at pH 4 to ~ 3.55 Å.       
RDFs between silica surface hydrogen atoms and oxygen atoms of palmitate revealed 
peaks at 1.55 Å for both surface densities on silica. Weak organo-mineral hydrogen 
bond interactions occurred in the presence of K+ and Mg2+ ions at 1.0 molec nm-2 of 
palmitate (Figure 53). These peaks signify H-bond donation from silica to the 
palmitate. No peaks were observed for the corresponding Na+ and Ca2+ simulations on 
silica. However, at 2.3 molec nm-2, large peaks were observed in the RDFs for the Na+ 
and K+ simulations but not the Mg2+ and Ca2+ simulations. This indicates that no H-
bond interactions occurred in the presence of the divalent Mg2+ and Ca2+ ions at the 
greater surface coverage, whereas it was a dominant interaction when Na+ and K+ ions 
were present. Prominent peaks were present at 1.55 Å in the RDFs for 
kaolinite/palmitate at both surface densities and all four cations, indicating that H-
bonding from the mineral to palmitate was significant at pH 6 (Figure 53c & d). 
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Figure 53 Radial distribution functions at pH 6 with 1.0 and 2.3 molec nm-2 surface 
densities between deprotonated oxygen atoms of palmitate ions and exposed surface 
hydrogen atoms on silica (a & b) and kaolinite (c & d). 
 
Peaks (1.55 Å) were observed in the water/palmitate RDFs for both minerals, both 
palmitate surface densities and all four cations, signifying H-bond donation from water 
to the organic molecules (Figure 54). These interactions were strongest on silica at 1.0 
molec nm-2 of palmitate. Increasing the surface density of the organic molecules 
decreased the H-bonding with water on silica but increased it on kaolinite. Generally, 
H-bonding between water and palmitate was greater in the presence of monovalent 






















































Figure 54 Radial distribution functions at pH between deprotonated oxygen atoms of 
palmitate ions and water hydrogen atoms on silica (a & b) and kaolinite (c & d) with 
1.0 and 2.3 molec nm-2 surface densities, respectively. 
 
Small peaks (1.55 Å) were observed in the water to silica surface RDFs (Figure 55a & 
b). The magnitude of the peaks indicated that water-to-surface H-bond donation was 
very weak, particularly with a 2.3 molecules nm-2 organic layer. RDFs for the 
simulations on kaolinite also exhibited peaks at 1.55 Å, arising from H-bond donation 
from water to the mineral surface and from the mineral surface to water. This was 
evident at both levels of organic surface coverage (Figure 55c & d). However, peaks 
at 1.95 Å in the silica-to-water RDF, with 1.0 molec nm-2 surface density (Figure 56a), 
indicate that surface-to-water H-bond donation occurred, whereas it did not at the 
higher surface coverage (Figure 56b). On kaolinite, peaks at 1.95 Å indicate that 





















































Figure 55 Radial distribution functions at pH 6 between water hydrogen atoms and 
surface oxygen atoms of (a & b) silica and (c & d) kaolinite with 1.0 and 2.3 molec 




















































Figure 56 Radial distribution functions at pH 6 between water oxygen atoms and 
exposed surface hydrogen atoms of silica (a & b) and kaolinite (c & d) with 1.0 and 
2.3 molec nm-2 surface densities. 
 
The torsion distributions were generally similar to those observed at pH 4 with the 
trans configuration (180o) favoured over the cis configuration (60o) (Figure 57). 
However, a number of differences were noted. For example, at pH 6, the likelihood of 
the polar group being trans or cis to the chain was approximately equal in the presence 
of Na+ ions on both mineral surfaces and organic loading. In the presence of Ca2+ ions, 
a cis conformation was favoured, except for the polar group at 1.0 molec nm-2 on silica. 
It should also be noted that the cis configurations of the middle and terminal sections 
of the chains occurred with a torsion of approximately 70o, whereas for the polar head 
group the cis configuration occurred with a torsion of ~ 90o. 
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Figure 57 Torsion distributions of carbon backbone of sodium palmitate at 1.0 and 2.3 
molec nm-2 surface densities on (a & b) silica and (c & d) kaolinite at pH 6. 
 
Analysis of the interaction energies between the various components of the models 
revealed a number of differences at pH 6 compared with pH 4. Firstly, the total 
interaction energies between the organic layer and the mineral surfaces were positive 
(repulsive) for both surface coverage densities and in the presence of all the different 
cations (Figure 58). Deprotonation of the acid molecules at pH 6 resulted in repulsive 
Coulomb energy between the negatively charged carboxylate groups and the mineral 
surfaces. Weak van der Waals attraction occurred but was not enough to overcome the 
Coulomb component. At the lower surface coverage of palmitate (1.0 molec nm-2) on 
silica, the repulsive coulomb energy increased in the order Na+ < K+ < Mg2+ < Ca2+. 
At the higher surface coverage, the trend was less systematic, although Ca2+ continued 































































On kaolinite, almost no differences in interaction energy were observed as a function 
of cation, except for K+ which was noticeably less repulsive.  
 
Figure 58 Interaction energies at pH 6 between palmitate ions with 1.0 and 2.3 
molecules nm-2 surface densities and (a & b) silica and (c & d) kaolinite surfaces. 
 
The interaction energies between water and the mineral surfaces were negative, 
indicating attractive interactions (Figure 59). Generally, these interactions were small 
(-20 to -91 kJ nm-2) on silica with 1.0 molec nm-2 and varied with the cation present. 
The presence of Mg2+ ions produced the lowest water-to-surface interaction energy (-
20 kJ nm-2) on silica at 1.0 molec nm-2, whereas Na+ ions resulted in the highest (-91 
kJ nm-2). At 2.3 molec nm-2 on silica, the water-to-surface interaction energy was very 
low (-9 to -17 kJ nm-2), suggesting that bulk water was inhibited from contact with the 
mineral. By contrast, large attractive interaction energies were observed between water 




























































































































lower to kaolinite at 2.3 molec nm-2 (-133 to -227 kJ nm-2) but remained higher than 
the corresponding energies to silica.  
 
Figure 59 Interaction energies at pH 6 with 1.0 and 2.3 molecules nm-2 surface 
densities between water and (a & b) silica and (c & d) kaolinite surfaces. 
 
The interaction energies between palmitate and water were negative in the silica 
simulation with 1.0 molecules nm-2 of palmitate. This was due to large negative 
Coulomb interaction energies between the water and palmitate molecules in the 
presence of monovalent cations (-566 and -488 kJ molec-1 for Na+ and K+, 
respectively) (Figure 60). These interaction energies were noticeably lower when 
divalent cations were present (-79 and -149 kJ molec-1 for Mg2+ and Ca2+, 
respectively). At 2.3 molecules nm-2 on silica, the water-to-palmitate interaction 
energies were very low due to the disappearance of the Coulomb contribution. 
Negative interaction energies were also observed for palmitate and water over the 
















































































































cations were smaller (-135 and -253 kJ molec-1 for Na+ and K+, respectively) than the 
corresponding simulations with silica. However, when divalent cations were present, 
the interaction energies between palmitate and water were higher over kaolinite (-303 
and -164 kJ molec-1 for Mg2+ and Ca2+, respectively) than silica. Increasing the surface 
density to 2.3 molec nm-2, over kaolinite led to a decrease in magnitude of interaction 
energy but values remained negative (attractive).    
 
Figure 60 Interaction energies at pH 6 between palmitate ions with 1.0 and 2.3 
molecules nm-2 surface densities and water on (a & b) silica and (c & d) kaolinite 
surfaces. 
 
Analysis of the H-bonding density revealed that increasing the pH to 6 resulted in 
almost no (< 1 H-bond molec-1) organo-mineral hydrogen bonding occurring between 
silica and palmitate with 1.0 or 2.3 molecules nm-2, irrespective of the cation present. 
However, on kaolinite, 1 – 2 hydrogen bonds per molecule were observed at both 


































































































































2-3 water-to-surface hydrogen bonds per nm2 occurred on silica at 1.0 molec nm-2, 
whereas at 2.3 molec nm-2, less than 1 hydrogen bond per nm2 was observed. On 
kaolinite, 14 – 17 water-to-surface hydrogen bonds per nm2 occurred with 1.0 molec 
nm-2. Similar to the observations at pH 4, the number of hydrogen bonds per nm2 to 
water decreased to 6 – 11 per nm2 for a palmitate surface density of 2.3 molecules nm-
2 on kaolinite, increasing in the order of  Na+ < K+ < Mg2+ < Ca2+. Thus, on kaolinite, 
the divalent cations allowed more water through to the surface than the monovalent 
cations.  
With an organic layer of 1.0 molec nm-2 on silica, ~5 water-to-palmitate hydrogen 
bonds per molecule occurred in the presence of Na+ and K+ ions, whereas ~2 - 3 
hydrogen bonds were observed in the presence of Mg2+ and less than 2 for Ca2+ ions. 
Very little water-to-palmitate H-bonding (< 1 per molecule) occurred on silica with 
2.3 molec nm-2 of palmitate at pH 6. Water-to-palmitate hydrogen bonding was even 
lower on kaolinite (1 – 2 per molecule) than silica at the lower surface density (1.0 
molec nm-2). However, with 2.3 molec nm-2 palmitate on kaolinite, slightly more H-
bonds were observed (~1 per molecule) compared to the corresponding silica system.  
6.3.3 Structure and properties of organic layers on silica and kaolinite at pH 8 
The palmitate ions were fully deprotonated at pH 8 and the negative surface charge of 
the silica surface increased to -0.46 e- nm-2. These conditions resulted in a significant 
change in orientation of the organic chains at 1.0 molecules nm-2, with the chains 
having an arrangement which was more perpendicular to the surface (Figure 61). At 
2.3 molec nm-2, the orientation of the palmitate molecules was generally tilted or 
perpendicular to the silica surface except for the calcium palmitate model, where the 
molecules were noticeably more parallel. However, while less of the silica surface was 
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exposed at this density compared to the corresponding models at 1.0 molec nm-2, gaps 
remained in the organic structure where water could move onto the surface. 
 
Figure 61 Side and top view equilibrium snapshots of sodium palmitate (a, e), 
potassium palmitate (b, f), magnesium palmitate (c, g) and magnesium palmitate (d, 
h) at pH 8 on silica at 1.0 molec nm-2. 
 
The increase to pH 8 introduced a slight negative surface charge (-0.044 e nm-2) on the 
kaolinite. At a surface coverage of 1.0 molecules nm-2, the palmitate molecules had 
tilted or perpendicular orientations relative to the kaolinite surface, irrespective of the 
cation present (Figure 62).  
(a) (b) (c) (d)
(e) (f) (g) (h)
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Figure 62 Side and top view equilibrium snapshots of sodium palmitate (a, e), 
potassium palmitate (b, f), magnesium palmitate (c, g) and magnesium palmitate (d, 
h) at pH 8 on kaolinite at 1.0 molec nm-2. 
 
Increasing the palmitate surface density to 2.3 molec nm-2 on kaolinite at pH 8 resulted 
in tilted layering of the palmitate chains when monovalent sodium ions and divalent 
magnesium and calcium ions were present (see Appendix). However, this orientation 
of the organic molecules was not uniform. By contrast, the potassium palmitate 
molecules had a noticeably more lateral orientation, leaving less of the kaolinite 
surface exposed to the water molecules (see Appendix)  
On kaolinite and on silica with 1.0 molec nm-2, a single broad peak was observed in 
the concentration profile, irrespective of cation (except for sodium on silica) (Figure 
63a & c, respectively). This was consistent with the observation of a single layer of 
tilted palmitate molecules formed at pH 8 at 1.0 molec nm-2. In comparison, a narrower 
peak was observed for the sodium palmitate model on silica arising from a single 
(a) (b) (c) (d)
(e) (f) (g) (h)
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lateral layer and partial secondary layer of molecules formed in the presence of sodium 
ions. Two or three layers formed on silica at 2.3 molec nm-2, although these were not 
distinct, which suggested that the carbon tails of each molecule are entwined rather 
than aligned on top of each other (Figure 63b). A single broad peak was observed in 
the palmitate concentration profile on kaolinite at low surface coverage due to the 
single layer of tilted palmitate molecules. When the surface density of palmitate was 
increased to 2.3 molecules nm-2, the peak was broader and had more definition of peaks 
arising from two full layers of molecules, with a partial third layer formed on top 
(Figure 63d). These layers were more distinct than those on silica, suggesting a higher 
degree of alignment.   
 
Figure 63 Concentration profile of palmitate molecules on (a & b) silica and (c & d) 
kaolinite at pH 8 with 1.0 and 2.3 molec nm-2 surface densities. 
 
Water-to-surface concentration profile analysis showed that water was able to interact 

























































palmitate coverage of with 1.0 molec nm-2, water at the silica and kaolinite surfaces 
was represented by shoulder features at ~17 to 20 Å, and a peak at the same position 
on kaolinite (Figure 64). These features were greatly reduced with a palmitate layer of 
2.3 molec nm-2, indicating that only a small amount of water, although not entirely 
absent from the concentration profiles, was at the mineral surfaces, suggesting that 
lower degrees of water are still able to move through the organic layers.       
Figure 64 Concentration profile of water molecules on (a & b) silica and (c & d) 
kaolinite at pH 8 with 1.0 and 2.3 molec nm-2 surface densities. 
 
A narrow peak was observed in the cation-to-surface concentration profile at ~ 18 to 
19 Å for magnesium ions on silica at 1.0 molec nm-2 (Figure 65), signifying the cations 
were close to the mineral surface. The peaks for the sodium, potassium and calcium 
ions with 1.0 molec nm-2 of palmitate on silica were broad, with sodium and potassium 
ions showing a long tail. This indicated that these ions were dispersed throughout the 
organic layer. At 2.3 molec nm-2, the tailing was reduced but the peaks remained broad 
to silica. On kaolinite, a single large peak was observed at both surface densities, 


























































Figure 65 Concentration profile of cations at pH 8 with 1.0 and 2.3 molec nm-2 surface 
density on (a & b) silica and (c & d) kaolinite surfaces. 
 
Both the palmitate molecules and the silica surface were fully deprotonated so that 
organo-mineral hydrogen bonding was no longer possible between these species. 
However, at pH 8 the kaolinite surface was only partially deprotonated, and H-bonding 
was still possible. Indicative peaks were observed at ~1.6 Å in the RDF for carbonyl 
oxygen atoms with kaolinite surface hydrogen atoms at with both surface densities, 
indicative of organo-mineral hydrogen bonding (Figure 66).  
Figure 66 RDF analysis between the carbonyl oxygen atoms of the palmitate 
molecules and exposed hydrogen atoms of the kaolinite surface at (a) 1.0 and (b) 2.3 




















































































At pH 8 with a palmitate surface density of 1.0 molec nm-2, the RDFs between the 
hydrogen atoms of water and the deprotonated oxygen atoms of the palmitate ions 
revealed peaks at 1.55 Å,  indicating H-bonding between water and the organic 
molecules on both mineral surfaces (Figure 67). With 1.0 molec nm-2, the degree of 
hydrogen-bonding showed some variation with cation type on both mineral surfaces, 
decreasing from K+ > Na+ > Ca2+ > Mg2+. In the presence of Mg2+ ions on silica, there 
was no evidence of H-bonding between palmitate and water. At 2.3 molec nm-2, 
hydrogen bonding between water and the polar head groups also occurred (1.55 Å) on 
both mineral surfaces, with the exception on silica in the presence of Na+ ions.  
 
Figure 67 Radial distribution functions at pH 8 between deprotonated oxygen atoms 
of palmitate ions and water hydrogen atoms on silica (a & b) and kaolinite (c & d) with 
1.0 and 2.3 molec nm-2 surface densities, respectively. 
 
RDF analysis between hydrogen atoms of water and oxygen atoms of the mineral 




















































surface hydrogen bond donation on both mineral surfaces and at both surface densities. 
Cation type was found to have little effect except on silica with 2.3 molec nm-2, where 
no water-to-surface hydrogen bonding was observed in the presence of sodium or 
potassium ions (Figure 68).    
 
Figure 68 Radial distribution functions at pH 8 between water hydrogen atoms and 
surface oxygen atoms of silica (a &b) and kaolinite (c & d) with 1.0 and 2.3 molec nm-
2 surface densities, respectively. 
 
At pH 8, surface hydrogen bond donation to water was still possible on kaolinite due 
to only partial deprotonation of the surface OH groups. Peaks (1.95 Å) in the RDFs 
between H atoms of kaolinite and oxygen atoms of water signified hydrogen bonding 
between the kaolinite surface and water at both surface densities and in the presence 
of all four cation types (Figure 69). 
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Figure 69 Radial distribution functions at pH 8 between water oxygen atoms and 
exposed surface hydrogen atoms of kaolinite with (a) 1.0 and (b) 2.3 molec nm-2 
surface densities. 
 
Torsion analysis of the organic molecules revealed that palmitate molecules typically 
favoured a trans configuration across the entire chain on both mineral surfaces and at 
both levels of surface coverage (1.0 and 2.3 molec nm-2) (Figure 70). However, the 
probability distribution at ~ 90o indicated that the polar ends showed more variability 
in configuration compared with the middle and terminal sections of the organic chains.  
On silica with 2.3 molec nm-2, the polar ends slightly favoured a cis configuration. 
However, K+ ions induced a slight preference for the trans configuration of the polar 
ends at 1.0 molec nm-2 and approximately equal cis/trans distribution at 2.3 molec nm-
2 on both mineral surfaces. The magnesium and calcium ions were more restrictive, 
with the polar-groups generally exhibiting a trans configuration in the presence of 
these ions.    
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Figure 70 Torsion distributions of carbon backbone of sodium palmitate at 1.0 and 2.3 
molec nm-2 surface densities on (a & b) silica and (c & d) kaolinite at pH 8. 
 
At pH 8, there was a negative surface charge on silica and on kaolinite. Consequently, 
the interaction energy between palmitate and the minerals was positive (repulsive) as 
a result of the large repulsive Coulomb contribution (Figure 71).  On silica, the 
presence of Mg2+ ions resulted in the largest repulsive interaction (71 kJ molec-1 nm-
2) at 1.0 molec nm-2. The minor negative surface charge on kaolinite resulted in lower 
repulsive organo-mineral interactions (20 – 30 kJ molec-1 nm-2), compared to silica, 
































































Figure 71 Interaction energies at pH 8 between palmitate ions with 1.0 and 2.3 
molecules nm-2 surface densities and (a & b) silica and (c & d) kaolinite surfaces. 
 
Water-to-surface interaction energy on silica more than doubled at pH 8 (-42 to -243 
kJ nm-2 with 1.0 molec nm-2, and -17 to -34 kJ nm-2 with 2.3 molec nm-2) (Figure 72) 
relative to the values at pH 6 (-20 to -91 kJ nm-2 with 1.0 molec nm-2, and -9 to -17 kJ 
nm-2 with 2.3 molec nm-2). By contrast, water interaction energy decreased on kaolinite 
with pH at a palmitate surface coverage of 2.3 molec nm-2 (-36 to -155 kJ nm-2 
compared to -133 to -227 kJ nm-2 at pH 6). This suggests the organic layers on kaolinite 
at pH 8 are slightly more stabilised by the negative surface charge and presence of 
cations, compared to at pH 6, and preventing more water molecules from interacting 

















































































































































Figure 72 Interaction energies at pH 8 with 1.0 and 2.3 molecules nm-2 surface 
densities between water and (a & b) silica and (c & d) kaolinite surfaces. 
 
At pH 8 no organo-mineral hydrogen bonding occurred on silica due to complete 
deprotonation of both the palmitic acid molecules and the silica surface. However, 1 – 
2 hydrogen bonds per nm2 were observed on kaolinite, consistent with the values at 
pH 4 and pH 6. Water-to-surface hydrogen bonding increased to silica at pH 8 for a 
loading of 1.0 molec nm-2 (2 - 4 per nm2, compared to 2 – 3 per nm2 at pH 6) and 
decreased on kaolinite at 2.3 molec nm-2 (1 – 7 per nm2, compared to 1 – 11 at pH 6).    
6.4 DISCUSSION: 
At pH 4, there are no formal charges on either the organic molecules or the mineral 
surfaces. Therefore, the models used are similar to those described previously by 
Daniel et al. (2019) and Uddin et al. (2017), but now include water molecules in the 
















































































































found in this study was similar to that presented in other works in the absence of water. 
This is also the reason for the narrower band in the concentration profile, compared to 
that for kaolinite where the organic molecules were orientated perpendicular to the 
surface. However, the additional clumping of the palmitic acid chains on silica in this 
study (compared to the dry systems in chapter 4) may be the result of water molecules 
occupying hydrophilic surface sites. This would inhibit the palmitic acid chains from 
exploring the surface due to hydrophobic interactions (entropically-favoured) between 
the water and organic molecules, or the palmitic acids chains not overcoming the 
hydrogen bonding between separate water molecules to be able to move into the water-
occupied space. The tilted orientation of the palmitic acid chains on kaolinite with 1.0 
molec nm-2 in wet conditions is very different to the lateral orientation when water was 
excluded. In this case, the palmitic acid molecules are effectively being solvated, as 
no organo-organo hydrogen bonding is holding the chains together, and unlike to 
silica, the vdW interactions are weak.    
Two layers formed at a surface density of 2.3 molec nm-2 on both mineral surfaces. 
The two layers were distinct on kaolinite, whereas on silica there was less separation 
between the two layers. This was also consistent with previous findings on dry 
uncharged models (Daniel et al., 2019). This may be the result of a denser organic 
structure on the kaolinite surface at 2.3 molec nm-2 (compared with 1.0 molec nm-2). 
This denser organic layer will more effectively hinder competitive water-to-surface 
interactions in favour of organo-mineral hydrogen-bonding. Furthermore, with more 
hydrophilic surface sites occupied by the organic polar head-groups, vdW interactions 
are likely able to stabilise the non-polar tails of the palmitic acid chains, as water-to-
organic interactions are weak. This may prevent the non-polar tails being lifted off the 
kaolinite surface and forming a tilted arrangement. The lateral starting positions of the 
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palmitic acid chains also suggest this is the case, as with 2.3 molec nm-2, the chains 
remain lateral, whereas with 1.0 molec nm-2, the non-polar tails are lifted off the 
kaolinite surface. The equilibrium snapshots for the pH 4 simulations predict that SWR 
should occur in both sand and clay when the surface density of long chain fatty acid 
molecules is 2.3 molec nm-2 or greater. Lebron et al. (2012) reported that maximum 
water repellency of kaolinitic tropical forest soils occurred at pH 4 – 4.5, whereas 
Girona-García et al. (2018) have found high degrees of water repellency (WDPT = 
1244 ± 1584 s) in acidic (pH 4) sandy loam and loam soils under pinewood forest. It 
is difficult to draw specific conclusions from these studies given the sheer number of 
variables involved with real soils, but they do suggest that acidic soils with high clay 
content can be water repellent (although aggregation of clay particles can affect SWR 
measurements of clays (Bisdom et al., 1993).  
Hydrogen-bonding remained a dominant organo-mineral binding interaction at pH 4 
to both minerals. The palmitic acid molecules  alternated between being the donor or 
acceptor at the higher loading to silica, whereas they could only be acceptors at the 
lower surface density. This may be the result of H-bond donation being primarily made 
to the surrounding water molecules at this lower surface density, whereas in the dry 
systems, palmitic acid was observed as both H-bond donor and acceptor.  
In the absence of water molecules, bifurcated hydrogen-bonding to kaolinite was 
observed, with the palmitic acid molecules as the H-bond donor. In the present study, 
the palmitic acid molecules acted as both hydrogen bond donors and acceptors under 
wet conditions. The lack of water-to-organic hydrogen bonding at 2.3 molec nm-2, and 
occurrence at 1.0 molec nm-2, is likely the result of the polar head-groups being 
shielded from water via the non-polar tails at this surface density and pH. 
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The organo-mineral interaction energies at pH 4 to silica are greater with a 1.0 molec 
nm-2 organic layer compared to a 2.3 molec nm-2 layer. This was likely the result of 
lateral stacking of palmitic acid molecules at the higher surface density (2.3 molec nm-
2), as intermolecular forces decrease rapidly with distance. In particular, the attractive 
components of interatomic vdW and Coulomb interactions are proportional to r-6 and 
r –1, respectively, where r is the distance between atoms. Therefore, the atoms of the 
molecules positioned further away from the silica surface had a much weaker 
interaction with the atoms of the mineral, and this lowers the average interaction per 
molecule. 
 With 1.0 molec nm-2 of palmitic acid on kaolinite, stronger Coulomb attraction 
occurred compared to with 2.3 molec nm-2, likely due to the polar head-groups of all 
the palmitic acid chains hydrogen-bonding to the surface. While organo-mineral 
hydrogen-bonding occurred at both surface densities, hydroxyl oxygen to surface 
hydrogen was a minor contributor to the Coulomb energies at 1.0 molec nm-2 and was 
not present with 2.3 molec nm-2. However, stronger vdW attraction occurred with 2.3 
molec nm-2 on kaolinite  due to the lateral arrangement of the chains on the surface, 
whereas the chains were tilted with 1.0 molec nm-2. Thus, the total interaction energy 
per molecule was similar at both surface densities on kaolinite, with the vdW energies 
contributing more at 2.3 molec nm-2 and compensating for the difference in Coulomb 
interactions with 1.0 molec nm-2.      
The strong coulomb interaction between  water molecules and kaolinite surface (and a 
repulsive van der Waals interaction), loaded with 1.0 molec nm-2 palmitic acid, 
suggested that water molecules could interact closely with the surface. This was not 
observed in the kaolinite simulation with 2.3 molec nm-2, due to the inhibition of the 
water molecules by the organic bulk. This also accounted for the higher water-to-acid 
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interaction energy at 1.0 molecules nm-2 compared to 2.3 molec nm-2 as at the higher 
surface density the palmitic acid molecules near the mineral surface were effectively 
shielded by another layer of organic molecules. 
 The deprotonation of the palmitic acid molecules and the introduction of a slight 
negative surface charge on silica at pH 6 did not lead to an appreciable change in the 
orientation of the organic molecules compared to the simulations at pH 4. However, 
the larger negative surface charge and complete deprotonation of the silica surface 
introduced at pH 8 caused a noticeable reorientation of the organic molecules, shifting 
from lateral stacking to a tilted arrangement, especially with 1.0 molec nm-2. By 
contrast, increasing the pH from 4 to 6 over kaolinite, deprotonated the palmitic acid 
molecules, and led to a transition in molecular orientation of the palmitate ions. With 
2.3 molec nm-2 on kaolinite, a transition of the organic orientation occurred from 
lateral to tilted, which allowed water to move through the organic bulk to the surface. 
This change in orientation on kaolinite was reversed slightly at pH 8 with the 
introduction of a minor negative surface charge.  
Adsorption of amphiphilic molecules on mineral surfaces involves a number of 
different forces. The non-polar tail of the molecules generally interacts with the 
mineral surface through van der Waals or dispersion forces. The polar head group of 
the molecule will also experience van der Waals forces with the mineral surfaces, but 
these are often small compared to the electrostatic and/or H-bonding interactions. At 
pH 6, the van der Waals component is larger on silica than kaolinite, likely due to the 
lateral arrangement of the palmitate ions in the former, compared to the semi-tilted 
orientation in the latter.  A lateral layering of the palmitate salts to kaolinite is in 
agreement with Ward and Oades (1993), who report that hydrophobic soil organics do 
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not bind strongly to kaolinite. However, Coulomb interactions are greater than van der 
Waals at pH 4 on kaolinite. 
At pH 6, almost all hydroxide surface groups on silica are deprotonated, resulting in 
mostly repulsive electrostatic interactions between the organic molecules and silica, 
with either minor or no organo-mineral hydrogen bonding interactions being identified 
(depending on the cation present). However, these repulsive interactions can be 
overcome by cation-bridging between the negatively charged palmitate ions and 
surface, enabling binding of the molecules to the mineral surfaces. This concept was 
investigated experimentally in chapter 5, finding that only divalent cations induced 
high degrees of repellency in artificial soils loaded with palmitate salts. By contrast, 
when negatively charged palmitate interacts with neutral kaolinite, hydrogen-bond 
donation from the mineral is the primary interaction involving the head-group. The 
absence of H-bond donation from the organic molecules to the surface appears to bring 
about a reorientation of the palmitic acid molecules to the semi-tilted arrangement. 
The repulsive organo-mineral interaction energies presented in this study suggest 
organo-mineral cation-bridging can occur to kaolinite. Lichner et al. (2006) also 
suggest that Ca2+-bridging between kaolinite and stearic acid (C18) may occur. 
However, at pH 6 the kaolinite surface is neutral, resulting in binding between the 
cations and palmitate but with no formal charge on the surface, weaker cation-kaolinite 
interactions. Thus, while cation-bridging may be holding the palmitate to the surface, 
these interactions are weak and likely susceptible to being overcome by water, 
regardless of the cation present. Furthermore, a greater degree of organo-mineral 
hydrogen bonding with kaolinite involving protonated surface groups (compared to 
silica) mitigates some of the repulsive interactions. These findings are consistent with 
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McKissock et al. (2000), who reported that NaCl or CaCl2 saturation of kaolinite had 
no meaningful effect on the ability of the clay to lower repellency.  
Hydrogen bond interactions continued to be the key interaction on kaolinite at both 
surface densities at pH 8 with little dependency on the type of cations present. Thus, 
while cation-bridging was a possible binding mechanism, with a small negative charge 
on the kaolinite surface, the majority of the surface hydroxyl groups remained 
protonated reducing the potential occurrence of cation-bridging. On kaolinite, the 
palmitate molecules were anchored to the surface via the polar head-groups, whereas 
the non-polar carbon tails had been raised off the surface by the water molecules. In 
fact, in the potassium palmitate model, one chain was entirely removed from the 
kaolinite surface by the water molecules during the simulation. Therefore, this 
demonstrated that the interaction of the palmitate chains with the surface was weak 
enough to be removed by exposure to water.  
The increase in pH from 4 to 6 to 8 increased the amount of water able to interact with 
the silica surface loaded with 1.0 molec nm-2 of palmitate. This is a result of 
destabilisation of the lateral organic arrangement as pH is raised and a repulsive 
interaction develops between the polar headgroup and the mineral surface. The 
monovalent ions were weak stabilisers of the lateral organic arrangement, with water 
molecules readily able to interact attractively with the sodium and potassium palmitate 
molecules on silica at a palmitate surface density of 1.0 molecules nm-2. The large 
Coulomb energies suggested that the water could interact with the charged head-
groups of the palmitate molecules in the presence of sodium and potassium. By 
contrast, this interaction energy was considerably lower when magnesium and calcium 
were present, suggesting the water was more effectively shielded from the charged 
head-groups, or the interaction was less favourable than to the cations. This was less 
252  
noticeable at pH 6 on kaolinite due to the semi-tilted arrangement of the palmitate ions, 
which provided “pathways” for the water molecules to enter the organic structure. 
Thus, even at high loadings, water repellency was expected to become weakened on 
kaolinite above pH 4. This is consistent with Kang and Xing (2007), who observed an 
increase in organo-mineral absorption of dicarboxylic acids to kaolinite with 
decreasing pH. At pH 4 with 2.3 molec nm-2, the acid molecules remain layered on the 
kaolinite surface, whereas at pH 6 and 8 the non-polar tails are lifted off the surface, 
reducing layering and surface adsorption.   
The change in orientation of the organic layer on silica with pH is consistent with 
Bayer and Schaumann (2007), who suggest that changes in pH cause soil organic 
material to have similar orientations in both wettable and non-wetting soils due to 
conformational changes of the molecules occurring when pH is made acidic or 
alkaline, which is caused by deprotonation of carboxyl groups. Increasing the pH to 8 
resulted in a reorientation of the organic molecules that enabled water to interact with 
the silica surface at both surface densities. Thus, at pH 8 even with a high surface 
coverage of palmitate (2.3 molec nm-2) some water was able to interact with the silica 
surface, thereby reducing the hydrophobicity compared to pH 4 and 6, where water 
was excluded from the surface. A similar arrangement of the organic molecules was 
observed with 1.0 molec nm-2 at pH 6 and 8 on kaolinite which resulted in comparable 
amounts of water interacting with the surface. However, at high organic coverage (2.3 
molec nm-2) increasing the pH to 8 resulted in a less perpendicular orientation of the 
palmitate molecules on kaolinite compared to that observed at pH 6. Thus, the 
hydrophilicity of the kaolinite surface should be lower at pH 8 compared to at pH 6 
when there is 2.3 molec nm-2 of palmitate present on the mineral surface. The decrease 
in SWR with increasing pH reported by Diehl et al. (2010) can be explained by the 
 253 
simulations in this study. In particular, this study predicts that increasing the pH of 
sandy soils above 6 should lower repellency by causing a change in the orientation of 
bound organic molecules such that “pathways” are formed between the molecules 
where water can move and interact with the mineral surface. By contrast, these 
simulations suggest that kaolinite should be water repellent at pH 4 or below when 
loaded with a high concentration of palmitic acid.       
Along with the changes in orientation of the organic molecules, there was a change in 
the position of the cations. On silica with 1.0 molec nm-2, the concentration profile 
peaks for the sodium, potassium and calcium ions were broad, with sodium and 
potassium ions showing a long tail. Thus, while some of these ions were in contact 
with the silica surface, others were either in the organic layer, or in the case of sodium 
and potassium, in the bulk water layer. This transport of the monovalent ions away 
from the silica surface suggested low binding to both palmitate and silica and therefore 
poor cation-binding ability. This was mitigated slightly by the increase in surface 
density to 2.3 molec nm-2, with dominant peaks being observed near the silica surface. 
Thus, transport of the cations was inhibited by the organic bulk at the higher surface 
density.  
The findings in this chapter and chapter 5 are in agreement with literature studies 
(Drouin et al., 2010; Wang et al., 2013) that monovalent cations produce weak cation 
bridges in organo-mineral systems, whereas divalent cations produce much stronger 
bridges. Thus, although outside the scope of this study, an investigation of the 
relationship between divalent cation concentration and SWR in sandy soils could be 
useful for future development of SWR assessment and amelioration. Graber at al. 
(2009) have shown that SWR of real soils increase in the presence of Ca2+ ions, 
whereas Na+ ions had no effect on SWR, but this study only included one sandy soil.   
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6.5 CONCLUSION: 
Soil water repellency on sand and clay is greatly affected by charge effects associated 
with pH. Under acidic conditions, palmitic acid molecules layer laterally on both silica 
and kaolinite. At pH values close to neutral, the palmitate molecules retain a lateral 
arrangement on silica, whereas on kaolinite they reorient to a semi-tilted arrangement. 
At low surface densities, under alkaline conditions the organic arrangement on silica 
changes to allow water molecules to encounter the surface. Therefore, a decrease in 
SWR with an increase in pH is predicted on sand due to the change in the structure of 
the organic layer, which then provides less of a barrier to water. Conversely, it is 
predicted that water repellency should be able to be induced on kaolinite at pH 4 with 
a sufficiently high loading of palmitic acid.   
Differences in the SWR of sand and clay are due to differences in the organo-mineral 
interactions between the two mineral surfaces. At pH 4, vdW interactions are the 
dominant organo-mineral interaction to silica, whereas hydrogen-bonding is the major 
interaction to kaolinite.  Above pH 4, cation-bridging is important for organo-mineral 
binding due to the repulsive interactions between the palmitate ions and both mineral 
surfaces. However, the lack of water-shielding, caused by tilted organic arrangements 
(pH 6: silica with 1.0 molec nm-2, kaolinite 1.0 and 2.3 molec nm-2, pH 8: silica and 
kaolinite with 1.0 and 2.3 molec nm-2), make these bridges susceptible to attack by 
water molecules. By contrast, water repellency is suspected to be present when water-
shielding by the organic molecules occurs. This arises when organo-mineral van der 
Waals interactions remain sufficient between the non-polar tails of the palmitate ions 
and silica surface to prevent the tails being lifted off by the water molecules. As pH is 
increased from 6 to 8, the ability of the cations to stabilise the organo-mineral 
interactions between the palmitate and silica surface is diminished, and likely results 
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in the disruption of the organic arrangement, allowing water molecules to infiltrate 
through to the surface.  
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Chapter 7: Discussion and 
Conclusions 
Soil water repellency is not a problem that is going to solve itself. Longer drought 
periods and hotter summers are going to worsen the condition, especially in Australia. 
Continued research is required to develop more reliable amelioration methods. Ideally, 
the work presented in this PhD thesis will provide the groundwork for further studies 
into the development of chemical solutions. 
The aims of the research presented in this thesis included: 
• Quantifying the abundance of long-chain saturated carboxylic acids, alkanes, 
alcohols and steroids in water repellent soils. 
• Identifying the contributions of various organic compound classes to the 
severity of SWR. 
• Investigating the structure or layering of organic compounds relative to the 
mineral surface. 
• Isolating and determining the effects of pH and mineralogy on SWR in terms 
of the changes to physical, physicochemical and chemical properties.  
This thesis includes experimental chapters which investigate the extraction of saturated 
long-chain carboxylic acids, alcohols, alkanes and steroids using Soxhlet, sonication 
and accelerated solvent extraction methods, and the relationships between the 
concentrations of these compound classes and water repellency. The following 
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chapters combine laboratory loading experiments and computational simulations to 
examine the organo-mineral interactions and organic layering of palmitic acid or 
palmitate salts in dry and wet conditions on sand and clay surfaces. The final research 
chapter focuses on computational modeling to examine the influence of pH in water 
repellent soils due to changes in mineral surface charge and acid deprotonation.   
Most of the previous studies of organic compounds in water repellent soils utilised 
Soxhlet extraction to separate the organic species from the inorganic minerals. 
However, none of these previous studies  quantified the efficiency of Soxhlet or other 
extraction procedures for this purpose. Therefore, in this study extraction efficiency 
experiments were performed for both laboratory-made soil standards and field samples 
from different locations. Soxhlet extraction removed the greatest amount of total 
organic material, including the four compound classes of interest (carboxylic acids, 
alkanes, alcohols and steroids) from real soils . However, it was not possible to remove 
all the organic material from real soils using any of the trialled extraction methods. 
This is problematic because it prevents absolute concentrations of the compound 
classes from being determined. Furthermore, this greatly affects the comparability of 
studies that have used different methodologies (including the same instrumentation but 
different solvents) as each one will have different degrees of efficiency for each 
compound class. Thus, comparisons between quantitative studies, such as those 
presented by Atanassova and Doerr (2010; 2011; 2012), Mao et al. (2014; 2016; 2015), 
and the finding in chapter 3, remain relative even though specific concentrations are 
reported in each case. This may also lead to biased results, and biased conclusions 
arising from those results. For example, Soxhlet extraction with isopropanol/ammonia 
favours the extraction of carboxylic acid species over non-polar alkanes, leading to 
high acid concentrations and low alkane concentrations. However, it has been shown 
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that even though alkanes do not induce repellency as a singular compound class 
(Mainwaring et al., 2013; Uddin et al., 2019), they do enhance repellency in 
combination with carboxylic acids (Mainwaring et al., 2013; Uddin et al., 2019). 
Therefore, it would be incorrect to assume that low concentrations of alkanes mean 
they do not play a significant role in inducing water repellency in soil. These biases 
have also led to relativism within individual studies investigating different soils, such 
as Atanassova and Doerr (2010) reporting that the soil with the lowest degree of 
repellency had the lowest concentration of alcohols and alkanes. Further, it cannot be 
determined whether the extracted organic compounds came from the mineral surfaces 
or interstitial material. Thus, accurate surface layering concentrations in real soils 
cannot be made, and comparisons between the computational simulations and real soils 
remain speculative. Studies have utilised non-specific techniques such as IR and NMR 
to examine the types of organic material in repellent soils (Ma'shum et al., 1988; 
Simkovic et al., 2008). However, while it may be possible to more closely approximate 
absolute concentrations by pairing GCMS/LCMS analysis with IR and NMR, solely 
using these non-specific techniques is unlikely to provide useful information in future 
studies.   
Solvent extractions of plantation and agricultural soils show the concentrations of 
carboxylic acids (and derivatives), alkanes, alcohols and steroids have statistically 
significantly relationships with SWR. This is supported by findings that saturated long-
chain carboxylic acids and alcohols have been shown to induce repellency on acid-
washed sand (Daniel et al., 2019; Mainwaring et al., 2013; Uddin et al., 2017).  
Furthermore, the concentration of these compounds is higher in summer than in winter. 
However, extraction of organic compounds from real soils remains difficult. The 
organic compound characterisation of water repellent soils in this study agree with 
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those reported by Horne and McIntosh (2000), Atanassova and Doerr (2010; 2011; 
2012), Morley et al. (2005), and Llewellyn et al. (2004), with long-chain carboxylic 
acids, alkanes, alcohols and steroids being identified. The relationships between these 
compound classes and SWR indicate that abundance does increase the degree of 
repellency, but this is not a linear relationship. Therefore, it is proposed that abundance 
of the inducing compounds in combination with the synergistic effects between 
different compound classes/functionality determine the degree of repellency. This is 
also supported by the findings of Graber et al. (2009) who found that acid 
concentrations were twice as high in repellent soils than non-repellent soils. However 
literature studies (Mainwaring et al., 2013; Uddin et al., 2019), as well as the findings 
in chapter 3, have shown that SWR is enhanced by the combination of carboxylic acids 
and alkanes. Synergistic effects between other species, such as alcohols with 
carboxylic acids, is not definitive.  
Early conceptual models proposed a perpendicular or tilted layer of amphiphilic 
compounds induced repellency (Doerr et al., 2000; Graber et al., 2009) or were adapted 
from the micelle-like model of Wershaw (1993). Based on the modeling results in 
chapters 4, 5 and 6, it is proposed that water repellency in sandy soils is caused by the 
lateral arrangement of amphiphilic compounds covering the mineral surface. Non-
charged amphiphilic compounds are bound to the mineral surface via hydrogen-bond 
donation, whereas charged species require cation-bridging to occur. The organic 
arrangement can be altered between lateral and perpendicular by decreasing or 
increasing pH, respectively. Thus, the findings in chapter 6 suggest that the trend of 
decreased repellency with increasing pH observed by Amer et al.(2017), Bayer and 
Schaumann (2007), Diehl et al.(2010) and Lebron et al.(2012) is the result of a change 
in organic orientation from lateral to perpendicular (relative to the mineral surface).  
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Therefore, raising pH should decrease repellency in soils with low total organic 
material. However, at a high enough organic concentration, it is possible that the 
surface coverage (i.e. coating density) may be too thick to allow manipulation of the 
orientation of the organic compounds such that water  infiltration is impeded.   
The simulations show that a perpendicular arrangement of organic molecules proposed 
by Doerr et al.(2000) is not sufficient, except at very high concentrations, at inducing 
repellency. It was shown in chapter 4 that a perpendicular layer of amphiphilic 
compounds would only occur at very high concentrations, and these would need to be 
added all at once rather than built up over time. Alternatively, the organic layer would 
require several wetting-drying cycles, without any loss of the organic compounds at 
the surface, to potentially create a perpendicular layer. This is due to attractive organo-
mineral van der Waals interactions involving the non-polar organic components, and 
steric effects, inhibiting the alteration of the organic layer. Furthermore, even if these 
conditions are overcome, the concentration of the organic chains needs to be very high 
to prevent water molecules from entering the gaps between the chains, and if the 
organic layer is built up over time, it is very unlikely that additional long-chain 
compounds will slot into the small gaps between the perpendicular chains. However, 
the inversion of amphiphilic compounds (shown in the model of Doerr et al.) proposed 
to render the surface wettable may be possible as the simulations have shown that the 
organic layer is not immune to attack by water at low surface coverage and pH ≥ 6, 
but much less likely with a high surface coverage in a vertical arrangement due to 
steric constraints. By comparison, the later conceptual model proposed by Graber et 
al.(2009) is an improved representation as it includes charged amphiphilic compounds 
and cation-bridging. However, the organic molecules are mostly orientated 
perpendicular to the mineral surface. The micelle-like structure proposed by Wershaw 
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(1993) and Kleber et al. (2007) was not observed in the simulations. However, a 
limitation of the simulations was the use of a single organic compound, whereas the 
introduction of additional compounds may alter the organic structure. The work 
presented in this thesis has aimed to elucidate the molecular-level interactions that 
cause SWR and has begun identifying (via pH) how they may be manipulated to reduce 
repellency. However, additional research will need to be carried out in both 
experimental and computational areas to provide more information that will lead to 
practical solutions.         
Firstly, Soxhlet extraction has proven to be the most effective method for isolating 
compounds associated with SWR. However, the sample throughput with Soxhlet 
extraction is much lower compared to sonication and accelerated solvent extraction 
methods. Therefore, further development of methodology using these techniques 
would be greatly beneficial in improving the number of samples which can be 
analysed. This is important because it would enable large areas (field-scale) to be 
sampled and analysed within a short time frame e.g. days, rather than months. Field-
scale analysis would enable growers to map SWR in terms of organic material and 
treat appropriately, rather than use broad application of generic wetting agents.  
The molecular dynamics models used in this work contained either palmitic acid or 
palmitate molecules. However, synergistic effects of compound classes in mixtures 
could also be examined by carrying out loading experiments in the lab to identify 
enhancing and deteriorating combinations on repellency and then modeled to observe 
changes in the organic structuring. Additionally, the investigation of many compound 
classes has not yet been examined (ketones, aldehydes, large cyclic and aromatic 
compounds, etc.)  
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Secondly, the aim of molecular modeling these systems is to move towards more 
accurately representing what is happening in real soils. Therefore, the computational 
models could be further improved by the inclusion of ionic strength (notably with 
divalent cations), additional compound types in the form of mixtures, and the addition 
of pore spaces. The latter is particularly interesting because of the influence of 
interstitial matter, water flow and mineral edge surfaces. One limitation of the current 
models is the use of a flat kaolinite surface, whereas the development of a pitted clay 
surface could be interesting for comparison as it would incorporate edge sites and 
anchoring effects that would affect the layering of organic molecules. The addition of 
iron oxides has not been included in these models but would be useful given the 
ubiquity of these minerals in Australian soils. Lastly, while not directly related to 
SWR, investigating the modeling of phosphate species and the co-precipitation of 
dissolved organic matter could be useful for expanding the use of molecular dynamics 
in soil research.  
Lastly, the knowledge gained in the present study of organo-mineral, organo-organo 
and water interactions involved in causing SWR will ultimately assist in the 
development of more effective wetting agents and other SWR amelioration strategies. 
This could be further studied by carrying out the following investigations:  
• Characterization of commercial wetting agents at different soil pH values. 
• Investigation of the effectiveness of commercial wetting agents in reducing 
SWR via repellency measurements on real soils before and after treatment. 
• Molecular dynamics study incorporating surfactant compounds into current 
silica and kaolinite models to determine their molecular level mechanisms. 
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• Comparison of experimental and computational surfactant effects on SWR 
caused by differences in surfactant functionality, surfactant-organo 
interactions, layering and changes in organo-mineral and water-mineral 
interaction energies. 
Soil water repellency has real-world implications that remain detrimental and 
problematic all over the world. However, continued research will ideally lead to more 
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Compound Identities for Chapter 3 Fig. 20 
Chemical Formula Compound Name Chemical Formula Compound Name 
C9H10O2 2-Methoxy-4-vinylphenol C18H36O 2-Pentadecanone, 6,10,14-
trimethyl- 
C6H14O2 1-Pentanol, 5-methoxy- C22H42O2 Cyclopropanedodecanoic 




























Figure 1: Representative equilibrium structures of hexadecanol on (a) kaolinite (Al-
OH), (b) kaolinite (Si-O), (c) silica and (d) quartz at different surface densities (0.1 – 
5.0 molecules nm-2). 
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Figure 2: Concentration profiles (a–d) and length distributions (e–h) for hexadecanol 
molecules at different surface densities on kaolinite (Al-OH), kaolinite (Si-O), silica 































































































Figure 3: Comparison of the mobility of the polar and non-polar terminal carbon 
atoms in the carboxylic acid molecules on (a) kaolinite (Al-OH), (b) kaolinite (Si-O), 






























































Figure 4: Comparison of the mobility of the polar and non-polar terminal carbon 
atoms in the carboxylic acid molecules on (a) kaolinite (Al-OH), (b) kaolinite (Si-O), 






















































Figure 5: Comparison of the mobility of the polar and non-polar terminal carbon 
atoms in the carboxylic acid molecules on (a) kaolinite (Al-OH), (b) kaolinite (Si-O), 






















































Figure 6: Comparison of the mobility of the polar and non-polar terminal carbon 
atoms in the carboxylic acid molecules on (a) kaolinite (Al-OH), (b) kaolinite (Si-O), 






















































Figure 7: Comparison of the mobility of the polar and non-polar terminal carbon 
atoms in the carboxylic acid molecules on (a) kaolinite (Al-OH), (b) kaolinite (Si-O), 

































































Figure 8: RDF between the exposed oxygen atoms of (a) kaolinite (Al-OH), (b) 
kaolinite (Si-O), (c) silica and (d) quartz surfaces with the hydroxyl hydrogen of 
hexadecanol. 
 
Figure 9: RDF between the exposed hydrogen atoms of the kaolinite (Al-OH) and the 

















































































Figure 10: RDF between the hydroxyl oxygen and hydroxyl hydrogen of separate 
palmitic acid molecules on (a) kaolinite (Al-OH), (b) kaolinite (Si-O), (c) silica and 
(d) quartz surfaces. 
 
Figure 11: RDF between the hydroxyl oxygen and hydroxyl hydrogen of separate 































































































Figure 12: RDF between the exposed oxygen atoms of the (a) kaolinite (Al-OH), (b) 

















































Figure 13: RDF between the exposed oxygen atoms of the (a) kaolinite (Al-OH), (b) 

















































Figure 14: RDF between separate palmitic acid carbon chains on (a) kaolinite (Al-

















































Figure 15: RDF between separate hexadecanol carbon chains on (a) kaolinite (Al-




























































Figure 16: Side and top view equilibrium snapshots of sodium palmitate (a, e), 
potassium palmitate (b, f), magnesium palmitate (c, g) and magnesium palmitate (d, 
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Figure 17: Side and top view equilibrium snapshots of sodium palmitate (a, e), 
potassium palmitate (b, f), magnesium palmitate (c, g) and magnesium palmitate (d, 
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Mean-square displacement values for carbon 1 on silica. 




































Mean-square displacement values for carbon 1 on kaolinite. 




































Mean-square displacement values for carbon 16 on silica. 




































Mean-square displacement values for carbon 16 on kaolinite. 




































Figure 18: Side and top view equilibrium snapshots of sodium palmitate meta-stable 
arrangement on kaolinite at 2.3 molec nm-2. 
 
Figure 19: Concentration profile analysis of water to the kaolinite surface with 2.3 

























Figure 20: Radial distribution functions between the carbon backbone of palmitic acid 
molecules and surface oxygen atoms of (a) silica and (b) kaolinite at pH 4 with 1.0 and 
2.3 molec nm-2 surface densities.  
 
Figure 21: Radial distribution functions at pH 6 and 8 between the carbon backbone 
of palmitate salts and surface oxygen atoms of silica (a & c) and kaolinite (b & d) with 
1.0 molec nm-2 surface densities. 
pH 4 1.0 molec nm-2


















































































Figure 22: Radial distribution functions at pH 6 and 8 between the carbon backbone 
of palmitate salts and surface oxygen atoms of silica (a & c) and kaolinite (b & d) with 
2.3 molec nm-2 surface densities. 
 
Figure 23: Radial distribution functions between acidic hydrogen atoms of palmitic 
acid and surface oxygen atoms of (a) silica and (b) kaolinite at pH 4 with 1.0 and 2.3 

















































































pH 4 1.0 molec nm-2




Figure 24: Radial distribution functions at pH 4 between carbonyl oxygen atoms of 
palmitic acid molecules and exposed surface hydrogen atoms of (a) silica and (b) 
kaolinite with 1.0 and 2.3 molec nm-2 surface densities. 
 
Figure 25: Radial distribution functions at pH 4 between alcohol oxygen atoms of 
palmitic acid molecules and exposed surface hydrogen atoms of (a) silica and (b) 
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Figure 26: Radial distribution functions at pH 8 with (a) 1.0 and (b) 2.3 molec nm-2 
surface densities between deprotonated oxygen atoms of palmitate ions and exposed 
surface hydrogen atoms on kaolinite. 
 
 
Figure 27: Radial distribution functions at pH 4 between carbonyl oxygen atoms and 
acidic hydrogen atoms of separate palmitic acid molecules on (a) silica and (b) 
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Figure 28: Radial distribution functions at pH 4 between alcohol oxygen atoms and 
acidic hydrogen atoms of separate palmitic acid molecules on (a) silica and (b) 
kaolinite with 1.0 and 2.3 molec nm-2 surface densities. 
  
Figure 29: Radial distribution functions between acidic hydrogen atoms of palmitic 
acid and water oxygen atoms on (a) silica and (b) kaolinite at pH 4 with 1.0 and 2.3 
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Figure 30: Radial distribution functions at pH 4 between carbonyl oxygen atoms of 
palmitic acid molecules and water hydrogen atoms on (a) silica and (b) kaolinite with 
1.0 and 2.3 molec nm-2 surface densities. 
 
Figure 31: Radial distribution functions at pH 4 between alcohol oxygen atoms of 
palmitic acid molecules and water hydrogen atoms on (a) silica and (b) kaolinite with 























pH 4 1.0 molec nm-2






















pH 4 1.0 molec nm-2
pH 4 2.3 molec nm-2
310  
 
Figure 32: Radial distribution functions at pH 4 between water hydrogen atoms and 
surface oxygen atoms of (a) silica and (b) kaolinite with 1.0 and 2.3 molec nm-2 surface 
densities. 
 
Figure 33: Radial distribution functions at pH 4 between water hydrogen atoms and 
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Figure 34: Torsion distributions of carbon backbone of palmitic acid at 1.0 and 2.3 



































































Figure 35: Torsion distributions of carbon backbone of potassium palmitate at 1.0 and 



































































Figure 36: Torsion distributions of carbon backbone of magnesium palmitate at 1.0 



































































Figure 37: Torsion distributions of carbon backbone of calcium palmitate at 1.0 and 



































































Figure 38: Torsion distributions of carbon backbone of potassium palmitate at 1.0 and 



































































Figure 39: Torsion distributions of carbon backbone of magnesium palmitate at 1.0 



































































Figure 40: Torsion distributions of carbon backbone of calcium palmitate at 1.0 and 
2.3 molec nm-2 surface densities on (a & b) silica and (c & d) kaolinite at pH 8. 
 
Figure 41: Interaction energies at pH 4 between palmitic acid molecules and (a) silica 









































































































































Figure 42: Interaction energies at pH 8 between palmitate ions with 1.0 and 2.3 
molecules nm-2 surface densities and (a & b) silica and (c & d) kaolinite surfaces. 
 
Figure 43: Interaction energies at pH 4 between water molecules and (a) silica and (b) 


















































































































































































































Figure 44: Interaction energies at pH 8 with 1.0 and 2.3 molecules nm-2 surface 
densities between water and (a & b) silica and (c & d) kaolinite surfaces. 
 
Figure 45: Interaction energies at pH 4 between water and palmitic acid molecules on 






























































































































































































Figure 46: Interaction energies at pH 8 between palmitate ions with 1.0 and 2.3 
molecules nm-2 surface densities and water on (a & b) silica and (c & d) kaolinite 
surfaces. 
 
Figure 47: Side and top-down views of equilibrium snapshots at pH 6 of palmitate 
salts on silica with 1.0 molec nm-2. Sodium palmitate (a & e), potassium palmitate (b 
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Figure 48: Side and top-down views of equilibrium snapshots at pH 6 of palmitate 
salts on silica with 2.3 molec nm-2. Sodium palmitate (a & e), potassium palmitate (b 
& f), magnesium palmitate (c & g) and calcium palmitate (d & h). 
 
Figure 49: Side and top-down views of equilibrium snapshots at pH 6 of palmitate 
salts on kaolinite with 1.0 molec nm-2. Sodium palmitate (a & e), potassium palmitate 
(b & f), magnesium palmitate (c & g) and calcium palmitate (d & h). 
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Figure 50: Side and top-down views of equilibrium snapshots at pH 6 of palmitate 
salts on kaolinite with 2.3 molec nm-2. Sodium palmitate (a & e), potassium palmitate 
(b & f), magnesium palmitate (c & g) and calcium palmitate (d & h). 
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